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Abstract 
Organic ionic plastic crystals are highly promising solid state ion conductors that 
offer opportunities to improve the safety and performance of the existing 
commercial lithium batteries based on organic and flammable solvents. Although 
they have regular crystal structures in the solid state, at temperatures below the 
melting point (Tm) they rearrange to a lower symmetry crystalline phase through 
one or several transitions from orientationally-ordered phases to 
orientationally-disordered ones. This structural disorder leads to more readily 
deformable materials, hence the term plastic crystal. This disorder in structure also 
enables the motion of ions which results in ionic conductivity. This flexibility in 
the solid state along with low flammability, negligible volatility, good thermal and 
electrochemical stability and high Li+/Na+ transference numbers have prompted 
researchers to investigate different kinds of OIPCs, especially for the Li devices. 
Substantial progress has been made towards the fundamental understanding of pure 
OIPC properties and its mixtures with Li salts.  
Sodium batteries are also a very promising technology due to greater availability of 
sodium and thus a significantly lower cost than lithium. 
Therefore, this work focuses on the study of the physicochemical and 
electrochemical behavior of the phosphonium cation based OIPC families to 
determine their phase diagram as well as the fundamental understanding of the ion 
structure and dynamics in these materials. The final aim of this thesis is to study the 
electrochemical behavior of these electrolytes. In the third chapter, mixtures of a 
phosphonium cation-based OIPC containing a large 
bis(trifluoromethanesulfonyl)amide (NTf2-) anion and a small 
trimethylisobutylphosphonium (P111i4+) cation and its corresponding sodium salt 
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(NaNTf2) has been investigated. Detailed phase behavior over the whole range of 
concentrations of NaNTf2 (0 to 100 mol% NaNTf2) were studied and eventually the 
binary phase diagram of these mixtures was determined. It was found that these 
binary systems have complex phase behavior, with eutectic and peritectic 
transitions. The high sodium salt concentration composition (75 mol% NaNTf2) that 
is predominantly in the solid state, showed high ionic conductivity and high a Na+ 
transference number supporting stable Na cycling in a Na symmetric cell. 
Preliminary experiments also demonstrated a stable discharge capacity of ~76 
mAhg-1 in the full cell containing OIPC with 25 mol% NaNTf2 and NaFePO4 as a 
cathode and sodium metal as the anode materials. In the fourth chapter, the effect 
of the addition of different concentrations of sodium salt on the physicochemical 
behavior of another type of phosphonium cation-based OIPC with a larger cation 
(triisobutylmethylphosphonium (P1i444+)) and smaller anion 
(bis(fluorosulfonyl)imide (FSI-)) were investigated. Unusual phase behavior was 
observed in some compositions of these binary system where the crystallisation 
process was completely suppressed. Also metastability was observed in the DSC 
results of the samples with a higher concentration of sodium salt. These binary 
materials showed very high ionic conductivity even in the solid state. 
Electrochemical cycling of sodium symmetric cells using 60 and 90 mol% NaFSI 
samples showed very stable and reversible stripping and plating of sodium.  
In order to investigate the effect of mixed anions on structure and dynamics in these 
electrolytes, the P1i444FSI was investigated in the fifth chapter in mixtures with 
sodium salts consisting of either sodium bis(fluorosulfonyl)amide (NaFSI), sodium 
bis(trifluromethanesulfonyl)amide (NaNTf2) or sodium hexafluorophosphate 
(NaPF6).  Electrochemical performance of a moderate concentration (20mol%) of 
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sodium salt mixtures in P1i444FSI was also determined. The findings of this study 
revealed the significant effect of the anion chemistry on the thermal, 
electrochemical and dynamics of ions in these binary OIPC/Na salt mixtures as well 
as demonstrating the effect of mixed anions in these OIPCs for the first time.  
The sixth chapter focuses on comparison of a family of phosphonium cation-based 
OIPCs P1i444FSI, P1i444NTf2 and P111i4NTf2. The effect of size of the cation (small 
alkyl chain vs bulky) and the anion (NTf2 vs FSI) were studied and the results 
compared with the pyrrolidinium systems. It was found that the properties of all 
systems depend on both the anion and cation size and chemistry. While in the case 
of phosphonium cation based OIPC, the FSI samples have superior properties in 
terms of a lower melting point, higher ionic conductivity and diffusivity of ions 
compared to NTf2 samples, in pyrrolydinium family (C2mpyrNTf2 and C2mpyrFSI) 
the FSI sample, somewhat surprisingly, has a higher melting point. Clearly there is 
more to be understood here with the nature and the packing in the crystal structure 
likely to play a role, however, this was outside the scope of this thesis. 
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1 INTRODUCTION and LITERATURE REVIEW  
1.1 Introduction 
1.1.1 General view 
Decreasing the reliance on fossil fuels is a very important issue for the world as 
there is a strong connection between the burning of fossil fuels and environmental 
and economic concerns. 
One of the most serious environmental consequences of burning fossil fuels is 
global warming due to emission of CO2.  
This warming has caused many changes to the Earth’s climate. The direct effect of 
accumulating CO2 in the atmosphere is an earth average temperature increase. This 
increased temperature causes increased sea level, which will endanger coastal cities 
within the next 100 years. Another detrimental effect of global warming is 
disappearance of ice and snow. Increased likelihood of violent storms due to the 
increasing number of water molecules in the atmosphere is a further concern. 
Making places hotter and drier, changing ecosystems and increasing populations of 
pests and consequently spread of incurable diseases are other problems.1-2 
Moreover, elevated levels of toxic substances (such as sulfur dioxide and nitrogen 
oxides) and hazardous particles, resulting from fossil fuel combustion, cause health 
problems.3 According to a report from the Organization for Economic Cooperation 
and Development (OECD), air pollution could lead to 9 million premature deaths 
by 2060.4 Some cancers, cardio-vascular and respiratory diseases and neurological 
effects in infants are also related to significant amounts of harmful air pollutants.  
In addition to the likely huge costs of curbing greenhouse gas emissions, fixing the 
damage caused by more extreme weather, and climbing health costs, fossil fuels are 
expected to run out in the future, leading to a decline in energy-intensive industries 
and the overall economy.5 Therefore, to have sustainable economic growth without 
negative environmental effects, alternative energy sources which are 
environmentally friendly and sustainable are required. Renewable energy sources, 
1 
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such as solar, wind, water and biomass, are alternative sources of energy that may 
help progress toward a low-carbon world.  
Generating energy from some of these sources, however, depends on prevailing 
conditions. Wind must be available to rotate wind turbines; sunlight is required to 
activate solar cells. Because of this, the times that energy is required often do not 
coincide with ideal conditions for energy generation; this means that generated 
energy must be reliably stored for use when conditions are less suitable for energy 
generation. In the other words, energy storage systems are required to balance 
source and demand. 
Various energy storage systems, including batteries, fuel cells and capacitors, have 
already been employed in different power systems. In general, energy storage 
devices convert non-electrical energy to electrical energy. However, to provide 
power for modern electronic devices, they should have high capacity and high 
efficiency, be reliable, safe, and cheap. 
Rechargeable batteries are long‐established energy storage systems, which convert 
chemical energy stored in their active materials into electrical energy through 
electrochemical reactions. Batteries contain two electrodes, which should be 
lightweight and high capacity. These two electrodes are separated by a medium, 
known as an electrolyte, which allows ion transfer between the electrodes. Battery 
electrolytes must be ionically conductive and electronically insulating to deliver a 
constant supply of ions to the electrodes for the electrochemical reactions.6  
1.1.2 Sodium batteries vs. lithium batteries 
At present, rechargeable lithium batteries are widely used in portable electronic 
devices such as computers, laptops, phones, mobile phones and cameras, and in 
electric vehicles (EVs), due to their light weight, high energy density, high voltage 
and long cycle life.7-8  
Nevertheless, owing to issues such as limited lithium availability, safety concerns 
and relatively excessive costs, using lithium batteries as storage systems in 
renewable energy plants is still challenging. 
Li supply is limited, and will probably be insufficient to satisfy the increasing need 
for batteries during the next decades.9 Although Li batteries can be recycled, all 
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available lithium is likely to be needed to power the next generation of mobile 
equipment and machines like hybrid electric vehicles (HEVs) or plug in hybrid 
electric vehicles (PHEVs).6   
As Li demand increases, price increases. Thus, applications (including stationary 
energy storage) where light weight is not critical are unlikely to use expensive Li. 
6-8, 10-11 Storing the clean and sustainable energy from the sun, wind and waves 
requires a viable alternative to keep up with future energy demand. Therefore, it is 
essential to find cheap batteries based on abundant resources for energy storage.  
As can be seen in Figure 1-1, in contrast to the limited resources of Li, there are 
abundant and cheap supplies of Na on earth 7-8, 10-13. Na is physically and chemically 
similar to Li, and most of the chemical rules used to design Li batteries can also be 
applied to Na batteries. Thus, the ready availability and low cost of Na, along with 
its acceptable physical and chemical properties, have prompted investigations to 
develop Na batteries as a practical alternative to Li cells for large-scale energy 
storage, where considerable amounts of Na will be required.  
 
Figure 1-1. Abundance of atoms in the earth.11, 13-14  
Because of the greater atomic weight and higher redox potential of Na compared to 
Li, and its slightly different electrochemical characteristics, Na-based technologies 
have lower specific energy and higher weight compared to those of their Li 
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counterparts. However, Na batteries can be used in large‐scale energy storage 
applications, where higher weight and lower specific energy are less important.15  
Table 1‐1 compares the properties of Na and Li.  
Table 1-1. Properties of Na vs. Li.7  
 Li Na 
Radius 0.76 1.06 
Atomic weight (g/mol) 6.9 23 
Ionic volume 1.84 Å3 4.44 Å3 
Melting point 180.5  ̊C 97.7  ̊C 
E ̊ (vs. Li/Li+) 0 0.3 
Cost USA $/ton 5000 150 
Distribution 70% in South America Everywhere 
Capacity (mAh/g) metal 3829 1165 
 
1.1.3 The function of electrolytes in batteries 
Electrolytes are critical to battery safety. They also provide ion transfer between 
electrodes during charge and discharge processes in batteries. Hence, optimising 
electrolytes is an important part of increasing the current density and improving the 
stability and safety of batteries. The most important feature of an electrolyte is that 
it must be electronically insulating but ionically conductive, to allow cations to 
move and keep the power generating process underway. They should be stable at a 
wide range of temperatures. In many cases (such as in Na and Li batteries), they 
must have high electrochemical stability (means that between a wide voltage range 
the electrolyte is neither oxidized nor reduced so they an electrode materials with high 
voltage can be used) and low volatility and flammability; ideally, they should not be 
toxic.  
Electrolytes for Na batteries can be liquids or solids; both groups have their own 
merits and drawbacks. Low viscosity, high conductivity and low cost are 
advantages of liquid electrolytes. On the other hand, many are flammable and 
volatile. In contrast, solid electrolytes show non‐flammability and non‐volatility 
and cannot leak, thus solving many safety-related problems. However, they often 
display low ionic conductivity and poor mechanical flexibility.  
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1.1.4 Electrolytes in sodium batteries 
Liquid electrolytes of interest for Na batteries include:  
1. non-aqueous electrolytes, which are mixtures of one or more carbonate 
solvents such as ethylene carbonate (EC), propylene carbonate (PC), 
dimethyl carbonate (DMC) or diethyl carbonate (DEC) with sodium salts 
such as NaPF6, NaClO4 or NaTFSI.11, 16 Although these electrolytes have low 
viscosity and high ionic conductivity, they are flammable and volatile. 
2. Ionic liquids (which only contain cations and anions, and are usually liquid 
at room temperature), mixed with sodium salts. These can improve the safety 
of batteries, since they are non-flammable and non-volatile (as shown in 
Figure 1-2 and also possess wide electrochemical windows, which is 
beneficial for use in batteries.12  
 
Figure 1-2. a) Conventional organic electrolyte, b) C4mpyr-NTf2 IL electrolyte mixed 
with 1M NaNTf2.12  
 
Ionic liquids such as 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl) 
imide (C4mpyrNTf2) and N-propyl-N-methylpyrrolidinium 
bis(fluorosulfonyl)imide (C3mpyrFSI) mixed with NaNTf2 can deposit and strip Na 
with good reversibility at room temperature.17-18  
NaNTf2-doped C4mpyrNTf2 ionic liquid electrolyte has also been used in 
Na/NaFePO4 cells. The capacity loss for a cell containing IL with 1M NaNTf2 
electrolyte at 50 ̊C was smaller than that found for the same cell with a traditional 
organic liquid electrolyte (1M NaClO4 in an EC/DEC mix).19   
Very recently, excellent reversibility of plating and stripping of Na metal was 
reported in electrolytes containing a high concentration of NaFSI in C3mpyrFSI. 
Despite a lower ionic conductivity, high Na+ transference number was obtained at 
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room temperature The reason for high Na+ transference number is that at highly 
concentrated sample, one FSI anion are associated with multiple Na+ ions to make 
clusters of Na+ and FSI- ions. Therefore, the averaged coordination number of Na 
ions around a FSI anion is significantly higher than low concentration samples. 
Thus Na ions can diffuse through the facile exchange through available anion sites. 
At low Na salt concentration samples, most of the Na+ ions are associated with FSI- 
ions to make either neutral pair or negatively charged aggregates of low mobility. 
Therefore, Na+ ions either not move by the potential gradient or transfer in the 
opposite direction.20  
Solid electrolytes of interest include ceramic electrolytes, polymer electrolytes and 
gel polymer electrolytes. Although, significant improvements in solid electrolytes 
for Na batteries have been achieved, their ionic conductivities are still lower than 
those of liquid electrolytes. However, because of the ongoing safety concerns with 
liquid electrolytes, improved solid electrolytes are still needed to take their place. 
Recently, organic ionic plastic crystals (OIPCs) have been taking researchers’ 
attention as a solid electrolyte for electrochemical devices. OIPCs contain entirely 
of cations and anions exactly similar to ionic liquids with a three-dimensional lattice 
that have crystalline phases. Due to rotational and reorientation motions of ions, 
they have a short-range disorder. Therefore, they have benefits of ILs such as safety, 
reliability, a good Li/Na ions transference number and they have desirable 
mechanical properties.    
1.1.5  Research aim 
The focus of this work was to develop safe, stable, highly conductive and high-
performance solid-state electrolytes for Na battery devices based on organic ionic 
plastic crystals (OIPCs) with phosphonium cations, which have received less 
attention compared to other kinds of OIPCs and yet offer the possibility of enhanced 
electrochemical properties.  
This project examines the key features of OIPCs and their mixtures with sodium 
salts to understand how the phase behaviour of these mixtures contributes to their 
ion transport dynamics. The work targets materials that exhibit high thermal and 
electrochemical stability and are suitable for application in batteries. Demonstration 
of solid-state sodium rechargeable symmetric cells using an optimum OIPC 
electrolyte to investigate the electrochemical properties was a further research aim.  
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The specific aims of this PhD project are: 
Aim 1- Understanding of the phase behaviour and its relationship with the local 
structure and dynamics Na ions in phosphonium-cation OIPCs; relating the phase 
behaviour of these materials to their ion conductivity (chapter three and four). 
 
Aim 2- Studying a phosphonium-based OIPC (P1i444FSI) in mixtures with sodium 
salts containing different anions (NaFSI, NaNTf2 and NaPF6) to determine how the 
mixed anions affected the physicochemical and electrochemical properties (chapter 
five).  
 
Aim 3- Understanding the influence of the size of the cations and anions on the 
phase behaviour, conductivity, ion dynamics and electrochemistry in their mixtures 
with sodium salts (Chapter six).  
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1.2 Literature review 
1.2.1 A brief history on sodium batteries  
The development of rechargeable batteries based on sodium anodes preceded the 
growth of those based on lithium anodes. In the 1960s, Weber and Kummer 
described the first sodium-sulfur (Na-S) battery. This battery consisted of a molten 
sodium metal anode and a molten sulfur cathode, separated by a solid ceramic 
electrolyte (Na- β- Al2O3) (Figure 1-3). This battery consisted of a molten sodium 
metal anode and a molten sulfur cathode separated by a solid ceramic electrolyte 
(Na- β- Al2O3) (Figure 1-3). The operating temperature of this cell is very high 
(around 300 °C) to have sodium and sulfur in the liquid state (thus avoiding dendrite 
formation) and improve the ionic conductivity of sodium β alumina.6 During the 
discharge in this system, sodium metal is oxidised and sodium ions (Na+) transfer 
to the cathode materials through the solid electrolyte, where they react with molten 
sulfur to form sodium polysulfides: 2𝑁𝑁𝑁𝑁 + 5𝑆𝑆 → 𝑁𝑁𝑁𝑁2𝑆𝑆5 
This reaction is reversed during charging.  
 
Figure 1-3. Schematic of the Na/S cell.6  
This cell was a first step to the development of two commercially available battery 
types: sodium-sulphur and ZEBRA (Zero-Emission Battery Research Activities) 
batteries.  
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In April 2003, NGK Insulators in Japan produced Na-S batteries on a commercial 
scale for load-levelling applications.21 Unfortunately a 50 kW Na-S battery caught 
fire in September 2011 at a plant in Tsukuba. This incident made the manufacturer 
stop producing these cells while they tried to improve their safety. Production has 
resumed, and recently there have been a number of large systems installed.22    
Work on low-temperature Na-S batteries that work at room temperature or below 
the melting point of Na metal (100 ̊C) is in progress.  
Another type of Na batteries are Na-ion batteries. Research on Na-ion cells began 
in the 1980s (concurrently with research in Li-ion batteries), and has increased 
during the last few years.12 In a Na-ion cell, as presented in Figure 1-4, Na ions 
transfer between cathode and anode through an electrolyte. The electrolytes can be 
non-aqueous, similar to those used in Li-ion batteries, (such as NaClO4 in propylene 
carbonate solvent),12 or aqueous. During charge and discharge, electrons migrate in 
the outer electrical circuit between the electrodes.11  
 
Figure 1-4. Schematic of a sodium-ion cell.12 
 
In Na-ion cells, Na metal is not employed as an anode; nor are the graphitic carbons 
used in Li-ion batteries suitable for Na-ion batteries. Instead, hard carbon 
(disordered carbon) is mostly used as the negative electrode in Na-ion batteries.8, 23 
In hard carbon, Na ions do not intercalate in carbon sheets; instead, they insert into 
the pores within the hard carbon.     
Many researchers investigated different carbon compounds as anodes for Na‐ion 
batteries.24-25 Although their results were not impressive, it was a step towards Na-
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ion batteries. More recently, various compounds for negative electrodes have been 
reported; these compounds result in improved battery performance.8, 26-28  
During those years, much research was also undertaken to develop cathode 
materials to increase the recharge capability (rate of charge/discharge) of batteries 
and improve their cycle life.29-34 Electrolytes for Na batteries were also studied, and 
will be reviewed below. 
1.2.2 Solid electrolytes in Na batteries 
Solid electrolytes for Na batteries can be ceramics, polymers, gel polymers or 
plastic crystals, a recently-developed type of electrolyte which is the subject of this 
thesis. 
1.2.2.1 Beta‐alumina electrolytes 
The first Na batteries, as mentioned before, were Na/S35 and Na/NiCl236 based 
ZEBRA batteries. β‐Alumina and βʺ-Alumina solid electrolytes with the formula 
of Na2O∙11Al2O3 were used in these batteries. The beta alumina group of oxides is 
indicated by structures consist of alternating slabs of closely packed oxide and 
layers with mobile sodium ions in layers which are known as ‘conduction planes’. 
The close packed oxide slabs contain oxygen and aluminium ions that are connected 
to the conduction planes. β- Al2O3 and β"-Al2O3 have different stacking sequence 
of oxygen ions across the conduction plane leading to different crystal structures 
(hexagonal; P63/mmc; a0 = 0.559 nm, C0 = 2.261 nm for β- Al2O3) and 
(rhombohedral; R3m; a0 = 0.560 nm, C0 = 3.395 nm for β"-Al2O3 ). Although β‐
Aluminas are electronic insulators (which prevents self‐discharge), good 
conductors of Na ions and have good thermal stability, they have some drawbacks. 
The early Na batteries containing β‐alumina had to be operated at high temperatures 
(300 ̊C) to enhance the solid electrolyte ionic conductivity and maintain the Na and 
sulfur in the liquid state. Keeping the operational temperature high consumes some 
portion of the energy produced, and therefore decreases the final efficiency of the 
energy‐production plant. Moreover, at an elevated temperature, the Na2S5 might be 
reduced further to Na2S3 and precipitate out. Thus, the energy density will be 
substantially less than that expected from the theoretical reaction. The β‐alumina 
membrane is fragile, potentially allowing reaction between the molten sodium and 
sulfur, and causing fires. Moreover, at this high temperature, the molten cathode 
and anode materials are very corrosive, so special containers with high durability 
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were required for these batteries. Furthermore, due to the high operating 
temperature, these cells were unsuitable for portable devices.  In spite of all these 
problems, Na‐S batteries have been commercialised to a limited extent for 
stationary applications by engineering safety solutions into the packaging,37 but this 
is not a cheap nor optimum solution. Thus, the optimization of electrolytes to 
improve reliability, safety and engineering of Na batteries for stationary storage 
systems is a must. 10, 38  
1.2.2.2 NASICON electrolytes 
Another ceramic which has been used as a solid electrolyte in Na batteries is the Na 
Super Ionic Conductor (NASICON) with the general formula of Na1+x Zr2SixP3‐
xO12 (0˂ x ˂3), which was introduced by Goodenough et al. in 1976.39 Like β‐
alumina, this electrolyte has high thermal and chemical stability. It was synthesized 
for use in Na‐S batteries, to help them to work at temperatures around 200 ̊C. The 
3‐D framework of NASICON facilitates the transportation of Na ions through its 
channels.40 Much research has been conducted to improve NASICON conductivity 
by increasing the amount of Na within the material, 41-42 or by replacing Zr with 
other elements like rare‐earth elements. 38, 43 Studies have shown that NASICON-
type batteries have increased capacity compared to batteries using β‐alumina as the 
electrolyte. However, a high operational temperature of around 200‐250 ̊C is still 
needed for efficient ion conduction (10-5 S cm-1)44  and these ceramic materials have 
issues with mechanical stability, especially if the anodes and cathodes undergo 
volumetric changes during cycling. 10 A sodium superionic conductor with 
NASICON structure (Na3.1Zr1.95Mg0.05Si2PO12) with high room-temperature ionic 
conductivity of 3.5 × 10−3 S cm−1 was also reported. 45 
 
1.2.2.3 Glass and glass‐ceramic electrolytes 
Glass‐ceramic electrolytes are another type of solid electrolyte, which has been 
widely studied in Li batteries. Glasses are made by melting raw materials before 
quenching to below the glass transition temperature.  
It has been shown that alkali sulphide glasses such as xLi2S–(1 - x) P2S5, 46-47 
Li3.25Ge0.25P0.75S4, 48 and Li10GeP2S1249 are excellent glass ceramic electrolytes for 
lithium batteries due to their high ionic conductivity and electrochemical stability. 
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Recently, some sulphide glass-ceramic electrolytes such as Na2S‐GeS2 glasses, 
Na2S‐SiS2 and Na2S‐P2S5 and Na3PS4 have been prepared for use in Na batteries. 
However, as presented in Figure 1-5, all of these electrolytes have conductivities 
lower than those of NASICON and β‐ Alumina, and suffer from poor mechanical 
properties. 10  
 
 
Figure 1-5. The comparison of ionic conductivity of NASICON, beta-alumina, glass and 
glass-ceramic as solid electrolytes for sodium batteries.10   
 
1.2.2.4 Polymer electrolytes 
Polymer electrolytes are another type of solid electrolyte for Na batteries. In the late 
1970s Wright et al.50 reported that polyether complexes of alkali salts show 
relatively high ionic conductivity. Later, Armand et al.51 discovered that these 
polymers could be used as a solid electrolytes in batteries. After that, immense 
research has been conducted to improve the ionic conductivity of polymers. Poly 
(ethylene oxide) (PEO) and poly(vinyl pyrrolidone) (PVP) are well-known 
polymers which are extensively used as solid electrolytes in batteries.52-53 Although 
their conductivity is lower than that of ceramic electrolytes, 10, 53 they have some 
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merits compared to ceramics. They can be made easily and are flexible whilst 
retaining the properties of solid electrolytes such as safety and stability. 
Researchers have tried to increase conductivity by increasing the amount of the 
amorphous phase, since ions in polymer electrolytes move faster within the 
amorphous phase than within the crystalline structure.54-57 In one study, the addition 
of poly(ethylene glycol) (PEG) to mixtures of PEO with NaClO4 increased their 
plasticity and resulted in a conductivity increase.54 Research has also been carried 
out to increase the amorphous phase content by mixing two different polymers. 
However, some experiments failed to increase the conductivity, e.g. mixtures of 
PVP and PEO with NaF4, 55 poly(vinyl chloride) (PVC) and poly(methyl 
methacrylate) (PMMA) with NaClO4, 56 and PVC mixed with poly(ethyl 
methacrylate) (PEMA) and NaClO4. 57 
1.2.2.5 Gel polymer electrolyte 
As mentioned above, the greater the proportion of the amorphous phase present in 
the polymer electrolytes, the higher the ionic conductivity can be achieved. In this 
regard, and to increase the plasticity of polymer electrolytes, suitable solvents 
(usually those used in liquid organic electrolytes), like propylene carbonate (PC) 
and ethylene carbonate (EC) or their solutions with various salts, may be added to 
polymers to give gel polymer electrolytes (Figure 1-6). 53, 58  
The mechanism of conductivity in gel polymer electrolytes is similar to that in 
liquid electrolytes; however, the gels have somewhat better safety and improved 
mechanical stability. Gel polymer electrolytes do have a problem with loss of liquid 
(and thus conductivity decline) in the long run. Patel et al. showed that using highly 
viscous liquid solvents instead of low viscosity solvents is a practical approach to 
alleviate this problem.59 Patel et al. also indicated that adding succinonitrile (N≡C–
CH2–CH2–C≡N; SN) as a viscous organic plasticizer to PEO‐NaCF3SO3 
electrolytes results in increased longevity because adding succinonitrile prevents 
liquid loss from electrolytes, helping to preserve their properties over time.59  
Another way to increase the proportion of the amorphous phase in gel polymer 
electrolyte is by blending two gel polymers. Kumar et al. have shown that by mixing 
NaF into PEO and polyvinyl pyrrolidone (PVP), ion diffusion can be increased.55 
Other techniques have also been applied to improve the stability of gel polymer 
electrolytes. Kumar and Hashmi have shown that incorporating a solution of 
14 
 
sodium triflate (NaCF3SO3) and ionic liquid ethylmethylimidazolium (EMI) triflate 
into a matrix of polymer PVdF‐HFP (Polyvinylidene fluoride‐hexafluoro 
propylene) improves the electrochemical behaviour of gel polymer electrolytes. 
Using ionic liquids as solvents can enhance the thermal and electrochemical 
stability of sodium-ion conducting gel polymer electrolytes to obtain high 
conductivity at room temperature.60 
Nano‐sized ceramic particles have also been added to gel polymer electrolytes, 
giving improved ion conductivity and creating a spongy structure which increases 
the adsorption of liquid electrolyte and therefore reduces the possibility of 
leakage.61-63 
 
Figure 1-6. Making gel electrolyte from polymer electrolytes. μ is ion mobility which is 
high in amorphous regions and σ is fast ion transport regions which is high in gel 
polymers.59  
 
1.2.2.6 Organic Ionic Plastic Crystals  
Organic ionic plastic crystal (OIPC) ion conductors are a class of solid electrolytes 
that may improve the performance of Na batteries, although so far only two studies 
have been conducted on OIPC solid electrolytes in Na batteries.64-65 However, 
numerous investigations have been carried out on OIPCs as electrolytes for Li cells, 
and on their influence on battery properties. Because of the similar characteristics 
of Na and Li batteries, some studies on OIPCs for use in Li batteries will now be 
summarised. 
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In 1938, Timmermans identified a group of organic compounds which have 
asymmetric regular crystal structures in the solid state.66 However, at some 
temperatures below the melting point, they transform to lower symmetry crystalline 
phases. He named these “globular” compounds, because the constituent molecules 
were relatively spherical. He suggested that these solid-solid transitions were 
related to the rotational motion of molecules inside the long-range ordered lattice; 
that is, the rotation of molecules leads to one or several transitions from 
orientationally-ordered phases to orientationally-disordered ones through a 
decrease in the entropy with increasing temperature. Thus, eventually these crystals 
melt with a remarkably low entropy of fusion (˂ 20 JK-1 mol-1).66  
The consequence of this structural disorder is the formation of defects which can 
provide an ideal environment for motion of ions.67 It also leads to more readily 
deformable (i.e. plastic) materials.  Hence the term plastic crystal. 
Although Timmermans criterion (having entropy of fusion less than 20 JK-1 mol-1) 
is valid for simple materials, it may not be as accurate for more complex compounds 
such as organic salts; nevertheless, it provides the first insight into plastic crystals.  
There are three categories of plastic crystal materials: inorganic salts, such as 
Li2SO4 and HCl; molecular compounds, such as cyclohexane and succinonitrile,68-
69 and organic ionic plastic crystals.70-71 Although Armand et al. showed the high 
conductivity of molecular compounds with a small addition of LiNTf2,72 molecular 
plastic crystals still suffer from some drawbacks such as flammability and 
volatility.71 In contrast to molecular plastic crystals, organic ionic plastic crystals 
(OIPCs) consist of cations and anions; they have many properties in common with 
ionic liquids including low melting points, no flammability, negligible volatility 
and good thermal and electrochemical stability. Orientational and/or rotational 
disorder of some or all ions, along with the advantageous properties of ionic liquids, 
have made them favourable materials for application as solid electrolytes for 
improving the safety and reliability of  batteries.70-71, 73 Another merit of OIPCs is 
that by selecting the appropriate cations and anions, one can make OIPCs with 
tailored properties for use as solid state electrolytes in fuel cells, 74-75 batteries, 71, 
76-77 supercapacitors, 78 and dye‐sensitised solar cells.79-80 
Typically, the variety of cations used in ionic liquids and OIPCs is limited in 
comparison with the anion possibilities. Usual cations are quaternary ammonium, 
pyrrolidinium, pyrazolium, pyridinium, imidazolium and phosphonium. Anions 
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used in ILs or OIPCs include bis(trifluoromethanesulfonyl)imide [NTf2], 
bis(fluorosulfonyl)imide [FSI], tetrafluoroborate [BF4], hexafluorophosphate 
[PF6], dicyanamide [DCA], dicyanomethanide [DCNM], choline [OCN], 
dihydrogen phosphate [H2PO4] and thiocyanate (SCN). 71, 81  
 Figure 1-7 shows the anion and cation structures for most of the organic ionic 
plastic crystals reported thus far.  
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Figure 1-7. Chemical structures of some molecular and ionic plastic crystals.82  
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OIPCs with ammonium cations have been broadly studied, not only at the 
fundamental level65, 83-88 but also for use in practical devices.89-91 Ammonium- and 
pyrrolidinium-based families of OIPCs are the most studied.  
Thermal transitions in two ammonium cation based systems was first reported by 
Stammler.92 Subsequently, extensive research has been conducted on this family. 
For example, Seeber et al. reported N,N,N,N‐Tetramethylammonium dicyanamide 
(Me4NDCA) OIPC, which has three solid‐solid phase transitions before melting. 
Conductivity measurements revealed an increase in conductivity in phase I 
(reaching 10‐3 S/cm in the highly plastic phase). They stated that conduction in this 
OIPC is governed by the rotational motion of Me4N+ cations at lower temperatures 
(below the IV‐III transition) and the large increase (6 orders of magnitude) in 
conductivity during the IV‐III transition is because of the diffusion of these cations. 
Further slight increases of conductivity during the III‐II and II‐I transitions are due 
to the formation of vacancies which can facilitate the diffusion of cations.85 
Investigation of the thermal and structural behaviour of pure tetraethylammonium 
dicyanamide (N2,2,2,2DCA) OIPC by Annat et al. in 2007 found that this salt 
undergoes one solid‐solid phase transition before melting. From NMR results, 
cations begin to rotate during the (II→I) transition, leading to a more disordered 
structure in phase I. Conductivity increased dramatically at 290 K, which is the 
onset of the (II→I) transition.93  
Plastic crystals based on pyrrolidinium family (C1mpyr, C2mpyr, C3mpyr and 
C4mpyr where the subscripts refer to the lengths of the alkyl chains attached to the 
N atom, and m=methyl) of cations and NTf2 anion were introduced by the 
MacFarlane and Forsyth research groups. They showed that these salts undergo 
solid‐solid phase transitions before melting and have high conductivity in the 
highest temperature solid phase (phase I) e.g. 10-6 S/Cm at 0 C̊ (in the solid state) 
for C3mpyr.94 The crystal structures of pure C2mpyrNTf2 were studied in more 
detail by Henderson et al., who showed that this salt goes through three solid‐solid 
phase transitions prior to melting. They demonstrated that, in phase (III), the salt 
has a plastic crystalline structure where all the cations and anions in this phase have 
become disordered.95  
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In 2011, for the first time, Armel et al. synthesised a group of phosphonium‐cation 
based ionic liquids with small alkyl chains which can also form organic ionic plastic 
crystals.81 This thesis is devoted to these new OIPCs (based on phosphonium 
cations with small alkyl chains).  
1.2.3 Plasticity behaviour in Plastic crystals 
As described, plastic crystals undergo one or a series of phase transitions; these 
transitions occur in two steps. First, transition from ordered crystalline phase to 
highly symmetric disordered crystalline phase or phases (usually cubic) which are 
the plastic phase in plastic crystals, second; transition from plastic crystal to liquid 
phase (melting transition) as illustrated in Figure 1-8. It should be noted that in 
many plastic crystals, the intermediate region contains several solid-solid phase 
transitions. In this case, the highest temperature plastic phase is known as phase I. 
 
Figure 1-8. Phase transition for globular compound (neopentane) and non-globular 
compound (normal pentane).66  
1.2.4 Doped OIPCs by target ions for practical applications  
Despite the advantages of OIPCs, they do not possess target ions such as Li+ or Na+ 
ions (for Li or Na batteries), as required for use as battery electrolytes. Therefore, 
adding a second salt component to OIPCs is the first step for their application as an 
electrolyte in devices. Moreover, doping with ions usually improves their ionic 
conductivity, which is also very important for practical electrolytes.89, 96-100  One 
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hypothesis about the mechanism of conduction of Li ions in OIPCs is that 
orientational or/and rotational motions of OIPCs may help the interstitial motion of 
Li ions.101 In addition, the creation of crystalline defects and vacancies and 
decreasing the grain size (thus increasing the volume of grain boundaries) by 
addition of Li salts may be responsible for fast conduction of Li ions in the matrix 
of an OIPC.76 Another possible mechanism (reported by Forsyth et al. and the 
Henderson group) is formation of low melting point mixtures of OIPC and Li or Na 
salts (e.g. Eutectics). At some temperatures, these mixtures convert to a two-phase 
liquid/solid material with the liquid component localised at the grain boundaries of 
the OIPC rich phase, providing paths for diffusion of ions.64-65, 100 
1.2.5 Practical applications of OIPCs 
Abu‐Lebdeh et al. have revealed that the ionic conductivity of OIPCs based on the 
N,N pentamethylene pyrazolium cation and NTf2 anion increased from 1×10−4 to 
7.9×10−4 S.cm−1 in phase I when 10 mol% of LiNTf2 salt was added. The high 
conductivity of the doped sample and wide electrochemical window of the pure 
OIPC led to its use as a solid electrolyte in a cell with LiFePO4 | Li4Ti5O12 
electrodes. However, the capacity was somewhat low.98 
Further studies have been conducted by Abu‐Lebdeh et al. on another member of 
the pyrazolium imide family, N,N ‐diethyl‐3‐methylpyrazolium (DEMPyr123NTf2). 
This pyrazolium imide family has shown a plastic crystalline state (phase I) below 
its melting temperature (below room temperature). Adding 10 mol% of LiNTf2 
increased the conductivity in both liquid and solid states. Moreover, this system has 
shown acceptable theoretical capacity in both liquid and crystalline phases when 
used as an electrolyte in Li batteries, a promising result for an OIPC based 
electrolyte. Furthermore, those materials that did not show plastic crystalline phases 
below their melting points, whilst they displayed high performance in the liquid 
state, when the temperature was decreased the conductivity also decreased 
drastically, leading to complete loss of cell capacity. This study showed that 
pyrazolium imide OIPCs can be used instead of conventional (non‐plastic crystal) 
ionic liquids under some conditions.89 
Adding around 10 mol% of LiBF4 increased the ionic conductivity of N‐ethyl‐N 
methylpyrrolidinium tetrafluoroborate, C2mpyrBF4 to 10 ‐3 S.cm−1 in phase I. A 
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Li|LiBF4 OIPC|LiFePO4 cell using this mixture gave good cell performance at 
temperatures beyond 80 ̊C. 102 
Enhancement of the ionic conductivity of the ionic plastic crystal diethyl methyl n-
propyl ammonium trifluoromethyltrifluoroborate (N1223[CF3‐BF3]) by adding 
Li[CF3BF3] salt to 10‐4 ‐10‐3 S.cm−1 at ambient temperatures within the highest 
plasticity phase (phase I) was reported by Zhou. Moreover, the mixture of this OIPC 
containing 5 mol% Li ions displayed wide electrochemical window in the solid 
state, suggesting that this material is appropriate for Li battery applications. 77 
Howlett and co-workers were the first to report that a preconditioning process, when 
an OIPC electrolyte was used, improved the cell performance. They applied very 
low current density before moving to higher rate, and demonstrated a reduction in 
cell resistance after a couple of cycles (Figure 1-9). The reduction in interfacial 
resistance and better contact between electrode and electrolyte was ascribed to the 
change in the microstructure of electrolyte at the interphase due to the increase in 
the number of grain boundaries and decrease in grain size after preconditioning, 
which enhances the transport of Li ions during cycling. Figure 1-10 clearly shows 
the change in microstructure of the OIPC after preconditioning. 103 
 
Figure 1-9. a) Galvanostatic cycling data for 1 mol% P1222NTf2/LiNTf2 sample b) 
Impedance data after each stripping and plating, cell resistance decreased after two 
cycles.103  
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Figure 1-10. SEM images of 1 mol% C2mpyrNTf2/ LiNTf2 electrolyte a) before 
preconditioning process, b) after preconditioning process.103 
Jin et al. investigated the conductivity and phase behaviour of dimethyl 
pyrrolidinium tetrafluoroborate (C1mpyrBF4) OIPC mixed with up to 8 mol% 
LiBF4. They reported that the conductivities of both pure and mixed systems 
increased with increasing temperature up to phase II but decreased in phase I, 
because of the formation of a more ordered crystal structure and consequent 
decrease in mobility of ions during the II‐I phase transition. 96  
Another approach to increase the conductivity of OIPCs for application as solid 
electrolytes in electrochemical devices is the incorporation of nanoparticles into 
OIPCs. The influence of adding nano‐scale TiO2 on the conductivity and thermal 
behaviour of C2mPyrNTf2 plastic crystal has been studied. The ionic conductivity 
of the OIPCs containing TiO2 nanoparticles increased compared to that of the pure 
OIPC. 104 An ionic mobility boost resulting in ionic conductivity improvement was 
reported by Shekibi et al. who added SiO2 nanoparticles to C2mPyrNTf2. The 
increase in conductivity depends on the size of the nanoparticles, with smaller 
nanoparticles leading to higher ionic conductivity. Suggested reasons for the 
increase in ion mobility within the plastic crystal (and resultant conductivity 
improvement) include the formation and expansion of defects, the increase in 
number of vacancies, and the enhancement of the volume of grain boundaries, 
which occur when the nanoparticles are added into the OIPC matrix. 87 
Further investigation disclosed that the ionic conductivity surprisingly decreased 
when nanoscale SiO2 was added to Li‐doped C2mPyrNTf2. The suggested reason 
was that the ion transport mechanism in nanocomposites without Li dopant is 
mostly governed by formation of defects in which ions can move smoothly. On the 
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other hand, in the Li‐doped system, the increase in the number of grain boundaries 
is the most important factor for increased diffusion of ions. Therefore, incorporation 
of nanoparticles into the binary system may prevent the formation or connectivity 
of these grain boundaries, resulting in lower conductivity compared to that of the 
doped system without nanoparticles.88 
In another study, Pringle et al. noted that the influence of adding nanoparticles on 
the conductivity of plastic crystals depends on the characteristics of both the OIPC 
and nanoparticles. The fewer defects within the OIPC, the greater increase in 
conductivity that can be achieved by adding the nanoparticles.73 
Nitrogen‐cation based OIPCs and even ILs have been extensively studied. On the 
other hand, phosphonium‐based OIPCs have received much less attention, despite 
their advantages: excellent chemical, thermal and electrochemical stability.105-108 
Further research into phosphonium‐cation OIPCs is needed to better understand 
these materials and use them to develop solid electrolytes for a range of 
applications. 
The following section provides some of the key previous results on phosphonium-
based OIPC and ionic liquid electrolytes for Li batteries. 
1.2.6 Phosphonium‐cation based ILs and OIPCs in Li batteries 
In understanding the likely behaviour of OIPCs, the ionic liquid (IL) state is a useful 
comparison. Since only a few OIPCs based on phosphonium cations have been 
studied to date, properties of relevant ILs are also discussed in this section. 
Phosphonium-cation ionic liquids are used as extraction solvents,109  chemical 
synthesis solvents,110 electrolytes in batteries, 111-113 super capacitors114 and also as 
inhibitors to protect against corrosion. 115 Whilst majority of studies involving 
quaternary nitrogen‐based cation ionic liquids have been reported, investigations 
that include phosphonium cation ionic liquids are scarce. Due to some practical 
advantages of phosphonium‐based ionic liquids over other cation types (as will be 
discussed below), they are expected to become a viable alternative to nitrogen‐
based ionic liquids. Therefore, further research needs to be done to understand the 
physical and electrochemical properties of these ionic liquids. One of the most 
important merits of phosphonium‐based ionic liquids is that they are available on 
an industrial scale so their cost is lower. 107 
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Although some phosphonium ILs have been commercialized, little research on 
them has been reported,105 and most reports relate to ILs with large alkyl chains. 108 
The larger the alkyl group in phosphonium ILs, the higher their viscosity, and thus 
their conductivity is lower. Conductivity is one of the most important properties of 
ILs and OIPCs for use as electrolytes in electrochemical devices, so there is an 
urgent need for studies on small‐chain phosphonium-cation ILs, which are less 
viscous and thus likely to have better transport properties as IL electrolytes. 
Katsuhiko et al. first reported, in 2007, a series of phosphonium‐cation ILs 
comprising triethylalkyl phosphonium cations and NTf2. They compared the 
physical and thermal features of phosphonium‐cation ILs with those of their 
ammonium counterparts, as shown in Table 1‐2. They found that phosphonium‐
cation ILs have lower viscosities, leading to higher conductivity in comparison with 
ammonium ILs. These ILs were also shown to be thermally stable, and to have wide 
electrochemical windows. For example, the electrochemical windows for P2225NTf2 
and P2228NTf2 are between ‐3.2 and +3 V vs FC/FC+ (ferrocene/ferrocenium).106 
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Table 1-2.  Comparison between phosphonium‐cation ILs and OIPCs and their nitrogen‐
cation analogues.106 
Compound MW0 F1 
Tm 
1F
2(  ̊C) 
d2F3 
(gcm-3) 
η3F4  
(mPa s) 
Ϭ4F5 
(mS cm-1) 
Tdec5F6 
( ̊C) 
P2221     NTf2 413.34 97 - - - - 
P2224    NTf2 455.42 55 - - - - 
P2225    NTf2 469.44 17 1.32 88 1.73 380 
P2228      NTf2 511.52 ˂ -50 1.26 129 0.98 400 
P222(12)  NTf2 576.63 13 1.21 180 0.47 408 
P222(101) NTf2 443.36 14 1.42 35 4.40 388 
P222(201) NTf2 457.39 10 1.39 44 3.58 404 
N2225    NTf2 452.48 ˂ -50 1.33 172 0.98 385 
N2228     NTf2 494.56 ˂ -50 1.28 217 0.56 397 
N222(12)  NTf2 550.66 7 1.22 316 0.19 390 
N222(101) 
NTf2 
426.40 -3 1.44 69 3 287 
N222(201) 
NTf2 
440.42 ˂ -50 1.40 85 2.16 384 
 
In 2011, Armel et al. reported the first synthesis of phosphonium‐cation based ionic 
liquids with small alkyl chains which can form organic ionic plastic crystals. As 
shown in Table 1‐3. P1224PF6 and P1224SCN showed very small entropies of fusion. 
These novel phosphonium‐cation OIPCs had a range of decomposition 
temperatures, from 220 ̊C for P1222FSA to 350 ̊C for P2224NTf2; this thermal stability 
is suitable for various uses. Excellent electrochemical windows and high ionic 
conductivity in both liquid and solid states were observed – these are very important 
properties for practical applications. 81 
                                                 
1 Molecular Weight 
2 Melting point 
3 Density at 25 ̊C 
4 Viscosity at 25 ̊C 
5 Conductivity at 25 ̊C 
6 Thermal decomposition temperature 
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Table 1-3. Thermal phase behaviour of a group of phosphonium cation OIPCs.81  
 Phase transition 
 III-II II-I I-Melt  
 
T 
( ̊C) 
∆S 
(Jmol-1K-1) 
T 
( ̊C) 
∆S 
(Jmol-
1K-1) 
T 
( ̊C) 
∆S 
(Jmol-
1K-1) 
Decomposition 
T ( ̊C) 
P1224 PF6 72 6 
12
2 
4 139 3 270 
P1224 BF4 85 34 55 5 136 19 300 
P1224 SCN 15 33 38 7 176 2 295 
P1222 NTf2   25 38 102 26 320 
P1222 FSI   55 27 47 23 220 
P2224 NTf2 100 10 3 25 63 20 350 
P1444 PF6 100 3 
18
4 
8 202 18 308 
P1444 FSI 7 46 24 9 36 23 220 
P1444 BF4   89 32 239 45 310 
P1222 SCN 71 13 51 8 207 44 300 
 
Very recently, Hilder et al. characterized physicochemical and electrochemical 
behaviour of a selection of small phosphonium-cation based ionic liquids in 
combination with FSI and NTf2 anions and their mixtures with Li salts with the 
same anions. They found that ILs with FSI anions have improved conductivity and 
Li cyclability compared to those of the corresponding ILs containing NTf2. 116      
Thermal stability and conductivity of four tri‐n‐butylalkylphosphonium‐cation 
based ILs (P4441, P444,2OH, P4444, P444,12) with different anions have been recently 
studied by Yoshii et al.. The decomposition temperatures of these phosphonium‐
cation ILs are above 560 ̊C. Of the four different ILs examined, P4442OHNTf2 
exhibited the highest conductivity. Yoshii et al. also found that tri-n-
butylmethylphosphonium dimethylphosphatedimethylphosphate (P4441DMP) 
undergoes one solid‐solid phase transition before melting, giving an OIPC phase a 
near‐ambient temperature (from 279 to 290 K). 105 
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In 2012, the mechanism of ionic motions in diethyl methyl isobutyl phosphonium 
hexafluorophosphate, P122i4PF6, OIPC was studied by Jin et al through a 
combination of solid state NMR and XRD techniques. They showed that in phase 
IV and during the solid-solid transition from phase IV to III, the ion motions were 
strongly dependent on the rotation of alkyl groups in the cation. However, at phase 
III, the rotational motion of the whole cation causes the ion motions. In the higher 
temperature phase (phase II) ionic conductivity is governed by anion diffusion. 
Eventually, within phase I (where the OIPC has high plasticity), the cations can also 
diffuse which is the reason for high conductivity in this phase.117 
Jin also revealed high conductivity of 0.26 mS cm-1 at 22 ̊C (in the solid state) for 
triisobutylmethylphosphonium bis(fluorosulfonyl)imide (P1i444FSI) OIPC mixed 
with 4 mol% LiFSI. Electrochemical experiments showed a wide electrochemical 
window, around 6 V, for this material in the solid phase, along with the formation 
of solid electrolyte interfaces (SEI), which are very important for good cycling 
performance of batteries containing these electrolytes. Lithium cells (Li| 
[Li0.04(P1i444)0.96]FSI| LiFePO4) were fabricated and characterised at 20 ̊C and 30 ̊C 
with 0.1 C rate, demonstrating high discharge capacity for a battery based on a 
phosphonium OIPC solid electrolyte.97 
In summary, outstanding features of the most promising quaternary phosphonium 
cation ILs for battery applications compared to the benchmark nitrogen-based ILs 
include: 
 Higher thermal stability 
 Lower viscosity 
 Higher ionic conductivity 
These ILs and related plastic crystals certainly deserve more detailed studies to 
understand their physicochemical and electrochemical behaviour and their potential 
applications in electrochemical devices.     
1.2.7 Phase diagrams – theory and examples 
1.2.7.1 Basic concept of phase diagram 
Phase diagrams provide valuable information about melting points, crystallization 
and phase transitions of materials. In OIPCs, understanding the phase diagram 
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enables understanding of the microstructure, which is strongly correlated to the ion 
dynamics and thus electrochemical properties. Phase diagrams also provide 
valuable information about the ranges of composition and temperature where a 
material can be applied as a solid electrolyte in batteries. Some definitions and basic 
concepts of phase diagrams are explained below.  
A phase diagram is the interrelationship between the phases present and typically 
three externally controllable factors that influence phases: temperature, pressure 
and composition. Since the following phase diagrams are for solids and liquids, 
they are at constant pressure, and provide a graphical illustration of the phases that 
exist in a particular material at various temperatures and compositions; information 
that is needed to understand and predict microstructures.     
Thermodynamics can be employed to consider phase transitions in materials. Gibbs 
free energy (∆G) is a thermodynamic quantity that is used to study phase 
transformations. From the thermodynamic point of view, a system “desires” to 
reach its most stable state, which is why a transformation from one phase to another 
phase occurs. A system is said to be in its most stable state when it is in equilibrium, 
that is, its Gibbs free energy is a minimum and ∆G = 0 for any small transformation 
from that state.118-119  
∆G=∆H - T∆S 
∆H = internal energy of a system 
∆S = entropy (a function of randomness of atoms or molecules). 
It must not be forgotten that an equilibrium state can only occur if enough time is 
allowed for the system to complete its transformation. In some cases, the kinetics 
of transformation may be slow, and metastable states will appear. For instance, from 
Figure 1-11, the green point is at the equilibrium state which has the lowest value 
of Gibbs free energy and at which ∆G = 0 (i.e. G will be constant despite small 
changes in configurations of atoms). On the other hand, there are many other states 
(the red point, for example) which can satisfy ∆G = 0. However, it does not have 
the lowest G. This point is a metastable state.  
  
29 
 
 
Figure 1-11. Equilibrium (or stable) and Metastable states120 
There are two types of binary phase diagrams: 1) Binary systems with complete 
solid solubility, and 2) Binary systems with limited solid solubility. Because 
mixtures of OIPCs and additive ions such as lithium or sodium form the second 
type of binary system, this kind of binary system will be briefly explained below. 
Binary phase diagram:  
A binary phase diagram is a two-component system. The behavior of a binary A-B 
system is illustrated in Figure 1-12. The line above which the materials are liquid 
is called the liquidus and the line below which solidification completes is called 
solidus line. The intermediate region between liquidus and solidus lines is the two-
phase region where liquid and solid coexist. Upon cooling the materials, 
solidification starts in the two-component region and the composition of the solid 
and the liquid changes slowly till all liquid is converted to a solid at the solidus line. 
This phase diagram is known as an isomorphous phase diagram. Isomorphous 
means “single-structured”. The composition of solid and liquid at a certain 
temperature in the two-phase region is identified by following a horizontal line to 
the adjacent phase boundaries. This line is called a tie line. The phase compositions 
lie on the phase boundaries at either end of a horizontal tie-line. The ratio of two 
phases exist at the given temperature can be discovered by using a lever rule. The 
relative length of the tie-line is the proportions of solid and liquid present.   
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Figure 1-12. Binary phase diagram 
Binary phase diagram with limited solid solubility: 
In the previous phase diagram two components can form a single phase solid 
solution for any composition between two pure materials. However, not all 
materials are completely soluble in each other and there is a limit to the amount of 
a material that can be dissolved in another one. Distinction can be made between 
two types solid solutions with limited solubility. The solubility of two components 
increases with increasing temperature. This kind of phase diagram normally 
includes one of the three phase transformations which may happen in mixtures: 
eutectic, peritectic or eutectoid reactions. 
 Binary systems with eutectic reaction: 
In this kind of phase diagram there is always a particular composition which is 
called the eutectic composition (Figure 1-13). This composition crystallizes at a 
certain temperature, as if it were a pure material. However, unlike a pure material, 
below the eutectic temperature, the mixture will be converted into two different 
solids. Thus, at the eutectic point, three phases are in equilibrium (both solid 
solutions α and β can coexist in equilibrium with a binary liquid mixture). The most 
interesting feature of the eutectic composition is that its melting point is lower than 
those of the pure materials.118-119 In the eutectic system between two pure materials, 
two solid solutions form one reach in one material which is called α and one reach 
in a second material called β in Figure 1-13. In the eutectic system, there are two 
more lines which are called solvous lines and define the solubility limit of two 
materials in each other.  
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Figure 1-13. Binary phase diagram with eutectic reaction.119  
 Binary systems with peritectic reaction: 
Another reaction in two component system that three phases are at equlibrium is 
the peritectic reaction, which also commonly occurs in binary systems. At the 
peritectic composition, a liquid and solid react with each other to form a new solid 
phase which is different from the previous solid. Peritectic reaction is relatively 
slow because the new solid phase will form at the boundary between the reaction 
phases (liquid and solid phases) and separating them. 
 Binary systems with eutectoid reaction: 
The eutectoid is another reaction in binary systems where three phases are in 
equlibrium. At the eutectoid composition, a solid phase transforms into two other 
solid phases at a certain temperature. For example, in the Cu-Zn phase diagram 
there are both peritectic and eutectoid transformations (Figure 1-14). 
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Figure 1-14. Binary phase diagram with eutectoid and peritectic reactions.118 
Binary systems with intermediate solid solutions or intermediate compounds: 
In most binary phase diagrams for systems with limited solubility there are just two 
solid solutions, one near each pure composition. However, in some cases, 
intermediate solid solutions can be formed at other compositions, making the phase 
diagram more complicated. For example, in Figure 1-15 there are 6 solid solutions, 
two of which are terminal solid solutions (α, η) along with other intermediate ones. 
In some cases, instead of intermediate solid solutions, intermediate compounds 
form (as seen in Figure 1-16). These compounds have some distinct features: they 
have the maximum melting point in the phase diagram; they have a particular 
composition; and upon melting they convert to a liquid with similar composition.118 
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Figure 1-15. Binary system with Intermediate solid solutions118 
 
 
Figure 1-16. Binary system with intermediate compound (AB2).118  
Understanding the structure and properties of the plastic crystalline state of a 
compound requires understanding the other phases which may occur at various 
temperatures. Knowing the thermodynamic and kinetic properties of all the phases 
can be helpful to understand the structure of the plastic state. Extracting the phase 
diagram of a system is the first step towards this understanding. Nevertheless, as 
mentioned before, the phase diagrams of some compounds are highly complicated, 
because of the formation of metastable phases. For instance, on cooling, liquids 
                      
34 
 
may be supercooled and thus cannot directly transform into the stable phase. The 
major reason for the formation of metastable phases lies in the kinetics of 
transformation, which are related to the rates of nucleation and growth of the 
crystals.  
1.2.7.2 Phase diagrams of OIPCs with Na and Li dopants 
By studying the thermal phase behaviour of N-alkyl-N-methylpyrrolidinium 
(Cxmpyr, x= 2-4) NTf2, Henderson et al. showed that thermal cycling significantly 
affects the structure of these systems. They found that binary systems of these salts 
with LiNTf2 could form two crystalline phases, and that these crystalline phases 
had lower conductivity than other compositions, detrimentally affecting battery 
performance. They have emphasised that selecting the appropriate composition of 
the mixture of OIPC and Li salts is very important for improving battery 
performance and that this selection relies on a correct phase diagram. They then 
determined the phase diagrams for the binary systems of C2mpyrNTf2, C3mpyrNTf2 
and C4mpyrNTf2 in combination with LiNTf2 (Figure 1-17). The 
C2mpyrNTf2/LiNTf2 binary system had a eutectic transition at 30 ̊C with a eutectic 
composition of 33 mol% LiNTf2. However, the eutectic compositions for the binary 
systems including C3mpyrNTf2/LiNTf2 and C4mpyrNTf2/ LiNTf2 were 15 mol% 
LiNTf2. The phase diagrams for all these binary systems contained two new 
compounds which were not observed in mixtures of C2mpyrNTf2 with NaNTf2.121 
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Figure 1-17. Phase diagrams for (1- x) C2mpyrNTf2, C3mpyrNTf2 and C4mpyrNTf2 and-
(x) LiNTf2 mixtures.121  
Recently, the phase diagram and ionic conductivities of mixtures of 
tetraethylammonium bis(trifluoromethane-sulfonyl)imide (Et4NNTf2) and LiNTf2 
have also been studied by Henderson et al. In this system, a eutectic occurs at 35 
mol% LiNTf2 and 32 ̊C (Figure 1-18). They reported two crystalline phases at 0.5 
and 0.67 mol% LiNTf2 which have lower conductivity compared to other 
compositions. They revealed that by adding just 1 mol% of Li+ to the pure OIPC 
(Et4NNTf2) the conductivity increased dramatically at 30 ̊C (eutectic temperature 
in binary system) due to the melting of eutectic mixtures. However, the two 
crystalline phases showed low conductivity because they did not have this eutectic 
transition.100  
 
Figure 1-18. Phase diagram for (1- x) Et4NNTf2-(x) LiNTf2 mixtures.100 
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The phase behaviour of a mixture of OIPC and sodium salt was reported by Forsyth 
et al., who examined C2mpyrNTf2 when doped with NaNTf2. The phase diagram 
was extracted from DSC data (Figure 1-19). They found that this binary system has 
a eutectic transition at 63 ̊C at a composition of 15 mol% NaNTf2. However, this is 
different from the eutectic transition temperature and eutectic composition of the 
same OIPC doped with LiNTf2, as studied by Henderson et al.121 Below the eutectic 
temperature, two solid phases, one rich in OIPC and the other rich in sodium salt, 
appeared. However, above the eutectic temperature just liquid phase existed. The 
presence of a second Na-rich phase was also confirmed by SEM, XRD and NMR 
data. Conductivity measurements revealed that the 40 mol% NaNTf2 sample at 
temperatures just below the eutectic temperature, which is still in solid state, shows 
3 orders of magnitude higher ionic conductivity compared to that of the pure OIPC 
(Figure 1-20), demonstrating that OIPCs mixed with sodium salts can be 
sufficiently conductive to be applied in Na batteries.64 
 
Figure 1-19. Phase diagram of C2mpyrNTf2 /NaNTf2.64 
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Figure 1-20. Ionic conductivity of pure C2mpyrNTf2 and mixed system C2mpyrNTf2 
/NaNTf2.64 
Chimdi et al. have recently considered the phase behaviour, dynamics and ion 
conductivity of mixtures of N-methyl-N-methyl-pyrrolidinium dicyanamide 
[C1mpyr][N(CN)2] OIPC and Na[N(CN)2]. By building a phase diagram from DSC 
data (Figure 1-21) they found that this binary system has a eutectic transition at a 
temperature around 89 ̊C; the eutectic composition was 20 mol%. Thus, on the base 
of eutectic definition, below the eutectic temperature (TE) and at 20 mol%, the 
sample solidified into two different phases. However, above the eutectic 
temperature the sample was in a liquid state. For the other compositions, both solid 
and liquid were present after the eutectic transition. Interestingly, in this system, the 
eutectic transition and solid-solid phase transition (II → I) happened at the same 
temperature. Microstructures indicated two different phases in the binary systems. 
NMR data and vibrational spectra confirmed the presence of a second phase which 
is rich in sodium salt. The ionic conductivity of this binary system did not improve 
with increasing sodium salt concentration at temperatures below the eutectic, which 
is in contrast to other second-component-doped OIPCs. Possible reasons for this 
were the high eutectic temperature for the OIPC with added sodium salt, or low 
solubility of Na[N(CN)2] in [C1mpyr][N(CN)2], resulting in phase separation. 
However, they showed that the conductivity for 50 mol% Na[N(CN)2] is higher 
than that for the pure OIPC at temperatures just below the eutectic temperature, 
where the system is still solid.65 
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Figure 1-21. Phase diagram for binary system including NaN(CN)2 and C1mpyrN(CN)2.65 
It is hypothesised that the behaviour of the mixture of phosphonium-based organic 
ionic plastic crystals and Na salts is different from that of mixtures containing Li 
salts. 
When target ions (Li and Na ions) are incorporated into an electrolyte system, they 
interact with neighbouring anions and form a coordination shell. Because Na ions 
are larger than Li ions (Radius of Li ion and Na ion is 90 pm and 116 pm 
respectively),122 they may interact with more anions around them. Thus, the 
coordination number between the Na ions and the anions in the first coordination 
shell would be expected to be larger than that of Li ions. The mechanism of motion 
of Na and Li ions within the electrolyte is directly related to this coordination shell 
(the environment of target ions). Hence, the dynamics of Li ions in an OIPC can 
differ from the dynamics of Na ions.123 
In ionic liquids based on C4mpyrNTf2, it has been reported that addition of Li or Na 
ions increases the viscosity of electrolyte and consequently decreases their 
conductivity. However, this decrease in conductivity is larger for Na-containing 
ILs. It was mentioned that, in this particular ionic liquid, Li+ interacts with anions 
and forms ion-pairs, which are larger and slower than the Li ions, leading to further 
reduction in conductivity. Na ions make ion triplets that decrease the effective 
motion of the charge species more than ion pairs do, resulting in a larger decrease 
in conductivity when Na+ is added than when Li+ is added to ILs.17 
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In addition to the different size of Na+ and different mechanism of transport of Na+ 
in the crystal structure, the solubility of Na+ in the OIPCs is lower than that of Li+. 
Thus, there is a wider range of solid phases in the Na-containing mixed systems. 
The Phase diagram for ethyl-methyl pyrrolidinium 
bis(trifluoromethanesulfonyl)amide C2mpyrNTf2 and LiNTf2 shows a eutectic 
transition at 25 ̊C.121 However, the eutectic for the binary system of the same OIPC 
with NaNTf2 occurs at 63 ̊C.64 Therefore, a wider range of temperatures are 
accessible while the material remains in the solid state, and this can allow us to 
investigate different compositions over a wider range of temperature and potentially 
discover a more conductive solid state phase, particularly at the higher temperatures 
(where conductivity is higher). In contrast, the Li-containing mixed samples are 
liquid at higher temperatures.  
All in all, the behaviour and conductivity of Na-doped OIPC and Li-doped OIPC 
appear to be different, and these differences depend on the anions and cations in the 
OIPC. It will therefore be interesting to investigate the phosphonium based OIPC 
systems in this work. 
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Thesis structure: 
This thesis is prepared as follows: 
Part I, the fundamentals of relevant experimental techniques and particular settings 
used in this thesis. 
Part II, (Chapters 3 and 4), Phase behaviour and ion conductivity and 
electrochemical behaviour of phosphonium OIPCs mixed with the Na with the same 
anion, which discusses how the phase behaviour and ionic motions of OIPCs are 
affected by adding Na ions. 
Part III, (Chapters 5) Different Na salts in OIPC, aims to find the effect of 
different anions on the phase behaviour, ionic conductivity and electrochemical 
properties of a phosphonium based cation OIPC. 
Part IV, (Chapters 6) Different size of cations and anions, which studies the 
effects of the size and symmetry of two cations with different alkyl chains (P1i444+ 
and P111i4+) and two different anions (FSI- and NTf2-) on the phase behaviour, 
conductivity and diffusion coefficients of cation and anion. 
Part V, (Chapters 7) Conclusions and future work, summarises the main findings 
and proposes some directions for further studies  
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2 EXPERIMENTAL METHODS  
The basic concepts of relevant experimental techniques, along with the particular 
settings employed in this thesis, are briefly explained in this chapter.   
2.1 Material preparation 
2.1.1 The materials used for this thesis are: 
2.1.1.1 Organic Ionic Plastic Crystal (OIPC) 
1- Trimethylisobutylphosphonium bis(trifluoromethanesulfonyl)imide: 
P111i4NTf2 (in which P111i4+ is the cation and NTf2- is the anion.  
2- Methyltriisobutylphosphonium bis(fluorosulfonyl)imide: P1i444FSI (in 
which P1i444+ is the cation and FSI- is the anion).  
3- Methyltriisobutylphosphonium bis(trifluoromethanesulfonyl)imide: 
P1i444NTf2 
The sources for these plastic crystals are given in section 2.1.2, below. 
2.1.1.2 The sodium salts employed in this study: 
1-  Sodium bis(trifluoromethanesulfonyl)imide (NaNTf2) (99.9%) was 
purchased from Solvionic company (France). This salt was used without 
further purification. (Mw = 303.14 g/mol, Tm = 257 °C). 
2- Sodium bis(fluorosulfonyl)imide (NaFSI) (99%), was purchased from 
Solvionic company (France) and was used as received. (Mw = 203.3 g/mol, 
Tm = 145 °C). 
3- Sodium hexafluorophosphate NaPF6 (99%) was purchased from Kishida 
Chemical company (Japan) and used without further purification (Mw = 
167.954 g/mol, Tm = 200 °C). 
The chemical structures of these materials are shown in Figure 2.1. 
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Figure 2-1. Chemical structures of the materials 
2.1.1.3 Na metal: 
Na metal pieces (≥ 99%) stored under mineral oil (Merck Millipore) were purchased 
from Sigma Aldrich and were used as received. The Na metal was always kept in 
argon glove box. 
2.1.1.4 Sodium Hydride (NaH)  
Sodium hydride (NaH) used for drying the electrolytes was purchased from Sigma 
Aldrich (60 % dispersion in mineral oil). 
2.1.2 Synthesis procedures for OIPC 
 P111i4NTf2 
56 
 
P111i4NTf2 was supplied by Cytec Canada Inc. with > 99.5 % purity 
 P1i444FSI 
P1i444FSI was synthesised by Dr. Xiaoen Wang and Dr. Ruhamah Yunis by already 
published procedures.1 Methyltriisobutylphosphonium tosylate 
([P1i444]tosylate)(27.2 g, 79 mmol) was dissolved in 100 ml of distilled water. 
Potassium bis(fluorosulfonyl)imide (KFSI) (16.8 g, 77 mmol)) was dissolved in 
100 mL of distilled water. Upon mixing of above both solutions, a white precipitate 
formed and the solution was left to stir at room temperature for an hour after the 
addition of dichloromethane (DCM)  
(200 mL). The organic layer is washed with distilled water (6×200 mL). The 
organic solvent is removed in vacuo to obtain a white solid of P1i444FSI. 
 P1i444NTf2 
P1i444NTf2 was synthesised by Dr. Ruhamah Yunis according to the following 
procedure: 
Methyltriisobutylphosphonium tosylate ([P1i444]tosylate) (11.7g, 30 mmol) was 
dissolved in 50 mL of distilled water. Lithium bis(trifluoromethanesulfonyl)amide 
(LiNTf2) (9.5 g, 33 mmol) was dissolved in 50 mL of distilled water. Upon addition 
of the above solutions, a white precipitate formed instantaneously. The solution was 
stirred at room temperature for an hour after the addition of chloroform (CHCl3) 
(100 mL). The organic layer is washed with distilled water several times (7×50 
mL). The organic solvent was removed in vacuo, to obtain a white solid of 
methyltriisobutylphosphonium bis(trifluoromethanesulfonyl)amide. The white 
solid was dried at 60 oC for 72 hours. 
2.1.3 Preparation of doped electrolyte 
Initially pure P1i444FSI OIPC was dried in vacuo at 50 °C, P111i4NTf2 and P1i444NTf2 
samples were dried at 80 °C on a Schlenk line for 72 hours in the presence of sodium 
hydride (NaH) to absorb moisture, as presented in Figure 2.2; the water content was 
kept below 50 ppm.   
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Figure 2-2. The process of drying the samples 
 
Binary OIPC electrolyte mixtures containing appropriate amounts of sodium salts 
were prepared inside an argon-atmosphere glove box (with < 5 ppm H2O; < 10 ppm 
O2). Mixtures were stirred on a hot plate until homogenous solutions were obtained. 
For solutions containing higher concentrations of sodium salt, clear solutions were 
obtained by adding dried acetone to a mixture of OIPC and sodium salts. Once all 
salts had dissolved, the acetone was removed under vacuum. Finally all samples 
were stored in hermetically sealed glass vials inside an argon glove box. 
2.1.4 High purity inert argon atmosphere glove box 
As the materials are used in this thesis are prone to absorb to moisture and oxygen, 
all samples are stored and manipulated inside an argon atmosphere glove box 
(Figure 2.3). Oxygen was removed from the argon gas by pumping it over copper 
oxide (CuO) catalyst. Water is normally absorbed by molecular sieves and 
removed.  
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Figure 2-3. A typical glove box with an antechamber on the side to bring samples inside 
the glove box. 
2.2 Material characterization 
2.2.1 Differential Scanning Calorimetry 
DSC is a commonly used technique for thermal analysis. It can provide information 
about transition temperatures (melting point, liquid-solid, solid-solid phase 
transitions and glass transition) and energies associated with those transitions 
(enthalpy, entropy and heat capacity). It also can be used to examine purity, 
chemical reaction kinetics, vapour pressure, phase diagrams and thermal history of 
materials. The thermal trace also represents a fingerprint and can be used to identify 
compounds. In this technique, information about thermal changes is gained by 
heating and cooling a sample along with an inert reference to compensate for heat 
changes as they occur during transitions/reactions involving the sample to keep the 
sample at the same temperature as the reference. The term “differential” mainly 
comes from this feature of DSC.  
Two nominally identical crucibles are used — one contains the sample, while the 
reference is an empty crucible.  
The difference in heat flow between the sample and the reference, which is related 
to phase transitions and reactions, is: 
Δ(dH/dt) = (dH/dt)sample – (dH/dt)reference                                                    (2.1) 
The measured heat flow can be either positive or negative. For some transitions or 
reactions where heat is absorbed (endothermic processes) to maintain both the 
sample and the reference temperature the same, the heat flow of the sample is higher 
than the reference so Δ(dH/dt) > 0. However, in some processes such as 
crystallization (exothermic processes), Δ(dH/dt) < 0. Thus, as is illustrated in Figure 
2.4, DSC is able to measure the amount of heat uptake or release during any changes 
in materials by detecting the difference in heat flow between the sample and the 
reference. Data is plotted in the form of heat flow vs temperature.  
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Figure 2-4. A holder of sample and reference. Difference in heat flow between the sample 
and the reference during any changes.2  
DSC measurements: 
In this work, the two different DSC instruments were used to analyse the phase 
behaviour of pure OIPCs and their mixtures with Na salts: a Mettler Toledo DSC1 
instrument driven by STARe V6.10 analysing software and a Netzsch DSC 214 
Polyma with Proteus 70 software. 
Cyclohexane, analytical grade, (Sigma Aldrich) was used for temperature 
calibration. The enthalpy was obtained from integration of the peak area, while 
entropies were derived by dividing the calculated enthalpy by the temperature. 
Glass transitions were defined by their midpoints and melting transitions by their 
onset. 
 
2.2.2 Scanning electron microscopy (SEM) and Energy Dispersive X-Ray 
Microanalysis (EDX / EDS) 
SEM produces useful information about the morphology and topography of the 
sample being studied through the interaction of a focused beam of high energy 
electrons with atoms in the sample. 
In this work, to investigate the plasticity of P111i4NTf2 and the morphology of binary 
samples a Philips XL – 20 microscope was used. For the other mentioned OIPCs 
and their mixtures with Na salts a JEOL JSM-IT300 microscope was employed. As 
the samples are moisture sensitive, a sealed stainless still canister filled with argon 
was used to transfer the sample from glove box to the SEM, as shown in Figure 2.5. 
The canister was placed in the SEM via a load-lock chamber (LLC) designed for 
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air-sensitive samples shown in Figure 2.6. An accelerating voltage of 5 KV was 
used to acquire all images.  
 
   
Figure 2-5. An environmental chamber to transfer samples from glove box to SEM. 
reference. 
 
Figure 2-6. The load-lock chamber for air sensitive samples from the JEOL JSM-IT300 
SEM 
 
EDX or EDS is a useful technique to measure the elemental composition of 
materials. Elemental analysis is based on the interaction of a high energy beam of 
electrons with a sample. This beam will excite an electron in the ground state and 
eject it from the atom. An electron in an outer shell will fill the vacancy in this inner 
shell and an X-ray equal to the energy difference between these shells will be 
emitted. These X-ray energies are unique to a particular element. An energy-
dispersive spectrometer will measure the energies and the number of X-rays 
released from a sample.  
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2.2.3 Water content 
The water content of all electrolytes was determined on 831 Karl Fisher Coulometer 
(Metrohm) using Hydranal® Coulomat AG as the titrant. A standard error of about 
± 1 % was obtained. Toluene mixed with water was used as a calibration standard. 
2.2.4 Ionic conductivity (Electrochemical Impedance Spectroscopy)  
Electrochemical impedance spectroscopy (EIS) is a standard characterization 
method extensively used for applications such as batteries, fuel cells and corrosion. 
EIS is a useful technique to obtain information about electron transfer rate of 
reaction and the mobility of ions in different materials. This technique is also 
capable of identifying the presence of multiple electrochemical processes occurring 
in a sample. 
Electrochemical impedance is measured by applying an AC voltage to an 
electrochemical system and monitoring the AC current response.3  
As the AC current (response of an electrochemical cell) is nonlinear, a small 
amplitude of AC voltage over a range of frequencies (from 1 mHz to 10 MHz) is 
applied. In this way, the current is in pseudo-linear form. In pseudo-linear systems, 
the current is a sinusoid at the same frequency as the voltage but shifted in phase as 
indicated in Figure 2.7. 
 
 
Figure 2-7. An excitation signal and response vs. time.3  
 
The impedance of the system can be calculated at each frequency from the 
excitation signal and current response according to Ohm’s Law:3 
𝑍𝑍 =  𝐸𝐸𝑡𝑡
𝐼𝐼𝑡𝑡
                                                    (2.2) 
In which potential (𝐸𝐸𝐸𝐸) and current response (𝐼𝐼𝐸𝐸) are described as: 
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𝐸𝐸𝑡𝑡 =  𝐸𝐸0 exp (𝑗𝑗𝑗𝑗𝐸𝐸)  
 
                                                  (2.3) 
𝐼𝐼𝑡𝑡 = 𝐼𝐼0 exp(𝑗𝑗𝑗𝑗𝐸𝐸) − 𝜑𝜑 
 
                                                  (2.4) 
Et is potential at time t, I0 is the amplitude of the signal and ω is the angular 
frequency. The relationship between angular frequency and frequency is: ω = 2πƒ. 
 
Thus impedance is defined as a phase shift (𝜑𝜑) and a number(𝑍𝑍0): 
 
𝑍𝑍 =  𝐸𝐸0sin (𝜔𝜔𝑡𝑡)
𝐼𝐼0sin (𝜔𝜔𝑡𝑡+𝜑𝜑) = 𝑍𝑍0 sin (𝜔𝜔𝑡𝑡)sin (𝑤𝑤𝑡𝑡+𝜑𝜑) = 𝑍𝑍0(𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑 + 𝑗𝑗𝑐𝑐𝑗𝑗𝑗𝑗𝜑𝜑)   
 
                         (2.5) 
This equation also separates impedance into its real and imaginary components.  
EIS data are presented either in a Nyquist plot (imaginary part which is revealing 
the capacitive, vs. real part indicative of resistive component of a cell) or Bode plot 
(Impedance magnitude (lZl) or phase angle against frequency). In this thesis, 
Nyquist plots were used to measure conductivity, as shown in Figure 2.8. A 
semicircle in a Nyquist plot represents a resistor and capacitor in parallel – and thus 
shows the resistive and capacitive parts of the materials under study. Thus the touch 
down point when ω = 0 is indicative of the bulk resistance of the sample that can 
be related to the conductivity of the media. In some cases, however, due to several 
conduction processes in a sample (Nyquist plots contains several semicircles), 
measuring conductivity is more complicated. In these cases the Nyquist plot must 
be analyzed by appropriate equivalent circuits. The common circuit model used is 
presented in inset of Figure 2.8.  
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Figure 2-8. A Nyquist plot in which ω is the frequency, Rct is resistance of sample. RΩ is 
minor as it is a resistance of an external circuit so the touch down point is related to the 
sample’s resistance. Equivalent circuit used for fitting of Nyquist plot is also shown in 
this figure.4  
 
EIS measurements: 
Depending on the physical state of the samples, two different cells with different 
electrodes were employed for carrying out conductivity measurements. 
One cell, which is appropriate for low melting point samples and mixtures 
containing solid and liquid phases (including eutectic compositions) was a lab-
designed dip-cell including two platinum wires protected by glass, as shown in 
Figure 2.9. The cell constant was calibrated with a known conductivity of 0.01 M 
KCl solution at 25 ̊C (0.001413 Scm-1). 
 
 
Figure 2-9. The schematic figure of a dip cell for measuring ionic conductivity (left), a 
dip cell after sealing inside the glove box (right). 
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For measuring the conductivity of high melting point samples, barrel cells (Figure 
2.10) were employed. In barrel cells, the sample (in pellet form after pressing in a 
KBr die) was sandwiched between two stainless steel electrodes within a 
hermitically sealed brass chamber. 
In both cases, samples were dried under vacuum at 50 ̊C and cells were assembled 
inside the argon glovebox. 
 
Figure 2-10. Barrel cell for conductivity measurements for solid samples 
All conductivity measurements were conducted using electrochemical impedance 
spectroscopy with a Biologic MTZ − 35 Analyser driven by MT-Lab® software. 
EIS data were collected over a frequency range of 10 MHZ to 1 HZ with a 0.1 V 
voltage amplitude and over a temperature range of −20 to 70 ̊C at 10 ̊C intervals. 
Decreasing the temperature below the room temperature was achieved by using 
liquid N2 and dry ice pellets. An equilibration time of 20 minutes was allowed at 
each temperature. A Eurotherm 2204 temperature controller attached to the MTZ-
35 was used to control the temperature automatically throughout the experiments.  
2.2.5 Cyclic voltammetry (CV) 
CV is an electrochemical technique in which the current caused by electrochemical 
reactions at an electrode surface is measured while sweeping the electrode potential; 
it is used to analyse the electrochemical properties (e.g. redox behaviour) of an ion 
in an electrolyte.  
Because the ability of the electrolyte to allow stable electrochemical cycling of the 
target ion (in this case Na+ → Na) is a very important property for electrochemical 
applications, cyclic voltammetry was performed in this thesis to investigate the 
redox behaviour of sodium and its cycling stability in 25 mol% NaNTf2-doped 
P111i4NTf2 (chapter 3), 45 mol% NaFSI-doped P1i444FSI (chapter 4), 70 mol% 
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P1i444FSI/NaFSI, 70 mol% P1i444NTf2/NaNTf2 and 70 mol% P111i4NTf2/NaNTf2 
(chapter 5). 
Cyclic voltammetry (CV) measurements: 
Depending on the physical state of the samples, two different methods were used 
for conducting CV measurements. 
Cyclic voltammetry experiments are performed by cycling the potential of a 
working electrode (as measured versus a reference electrode) as a function of time 
(Figure 2.11a) and measuring the current between the working and counter 
electrodes, as shown in Figure 2.11b.  
 
 
 
Figure 2-11. a) A saw-tooth change of potential vs. time.  b) A typical voltammogram, ipc 
and ipa are peak cathodic and anodic currents.5 
In the first method, BioLogic SP-200 potentiostat and a three-electrode cell set up 
were employed for mixtures that are mostly liquid. In this method a 3 mm diameter 
copper working electrode (ALS co., Ltd, Tokyo, Japan) was used to study the 
deposition and subsequent stripping of sodium in the electrolytes. A platinum wire 
(APS, 99.95%) was used as a counter electrode. The reference electrode for the 
P111i4NTf2 system was Pt wire, while for P1i444FSI it was Na metal. The whole 
process, including cell preparation and electrochemical measurements, was 
performed in an argon‐filled glove box. 
Prior to each experiment the surface of the WE was polished with 0.05 mm alumina 
powder (Buehler, Lake Bluff, IL) on a polishing cloth (Buehler) and rinsed in 
distilled water and ethanol before drying in the oven at 70 ̊C for one hour. The Pt 
counter electrodes were rinsed with distilled water and ethanol and subsequently 
dried in an oven at 70 ̊C for one hour. Na metal was brushed using a toothbrush and 
rinsed cleaned with hexane prior to use.  
a b 
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In the second method CV was performed using a Biologic VMP3/Z potentiostat 
driven by EC-lab software. In this method, used for solid samples, a two-electrode 
set up was used for the CV measurements. To prepare each composite electrolyte, 
a glass fibre separator was saturated with a solution of electrolyte in dimethyl 
carbonate. Then the saturated separators were dried inside the vacuum oven at 50 
°C for 48 hours. These composites then were sandwiched between a copper working 
electrode (0.28 cm2) and a Na metal disk (Sigma Aldrich) with the same area as a 
reference/counter electrode and assembled in a stainless steel coin cell. All the cell 
assembly processes were conducted under an argon atmosphere inside the glove 
box.   
2.2.6 Na symmetrical coin cells (CR2032 type) 
Na symmetric electrochemical coin cells (CR2032 type, Figure 2.12) were 
constructed in order to study the ability to cycle Na metal using the various 
electrolytes.  
For assembling Na | Na cells, 9 mm diameter Na discs (as working and counter 
electrodes) were punched out of Na metal (Sigma) that had been stored under 
paraffin oil (Merck Millipore) and used after rinsing clean in dried hexane. Discs 
were rolled with a stainless steel roller then mechanically cleaned using a brush and 
rinsed with hexane. Microporous glass fibre separators (1.6 μm pore size and 260 
μm thickness, Whatman) were dried under vacuum at 100 ̊C overnight. To prepare 
the electrolyte for the cell, the separator was saturated with melted OIPC at elevated 
temperature. The temperature was then decreased to solidify the electrolyte. 
CR2032-type Na | Na symmetrical coins cells were prepared by assembling the Na 
discs and wetted separator in a stainless steel Hohsen coin cell case, using a 0.5 mm 
spacer and a 1.4 mm spring to provide uniform contact between electrodes and 
electrolyte inside the cell. 
The whole cell assembly procedure was performed inside an argon-filled glove box. 
Cells were stored inside an oven (Precision Compact, Thermo Scientific) at 50 °C 
for 24 hours before being cycled on a Multi Potentiostat VMP3/Z (Bio-Logic). The 
cut off voltage was set at ±5 V. In-situ impedance measurements were carried out 
before cycling and after each 10 cycles. Data were collected using EC-lab software 
version 10.38. 
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Galvanostatic cycling tests were used to obtain information about the cycling 
performance of electrolytes with Na electrodes. In this technique, a constant current 
was applied to the cell and the voltage change of the working electrode was 
recorded vs. time. 
 
Figure 2-12. A Coin cell (CR2032 type) and components in symmetric cell. 
2.2.7  Transference number calculation using Bruce & Vincent method 
It has already been mentioned that ionic conductivity is an important ionic transport 
property for electrochemical devices. However, it is also important to consider 
which ions are moving in the electrochemical system and, more specifically in the 
present case, how much of the current is being carried by the Na ions as compared 
to the other components of the electrolyte. Because the conductivity of the 
electrolyte accounts for the motion of all the ions within it, only a small fraction of 
current may be carried by sodium ions. The high conductivity of the electrolyte 
therefore does not necessarily mean a high value for Na-ion transport. Na ions are, 
however, the target ions which determine the performance of a Na battery. Thus, a 
low transference number of sodium ions in the electrolyte will lead to a lack of Na 
ions at the cathode or an increase of Na ions at the anode during discharge and will 
cause poor device performance. In other words, if the current is being carried mostly 
by other ionic species the cell will quickly polarise and stop functioning. A few 
practical methods of measuring transference number have been reported until now. 
Amongst those suggested methods, the “Bruce‐Vincent” 6, 7, 8 method based on 
potentiostatic polarisation and EIS measurements using a coin cell has been used 
most widely due to its simplicity. This method will be discussed further. 
When a small potentiostatic signal is applied to a sodium symmetric cell, oxidation 
of sodium will occur at the positive electrode: 
𝑁𝑁𝑁𝑁 → 𝑁𝑁𝑁𝑁+ + 𝑒𝑒−  
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And on the other side, sodium deposition will take place: 
𝑁𝑁𝑁𝑁+ +  𝑒𝑒− → 𝑁𝑁𝑁𝑁 
Thus, ions start to migrate through the electrolyte (positive ions move toward 
negative electrode and negative ions toward positive electrode). However, anions 
are neither electrochemically oxidised nor reduced when they reach either electrode 
surface. To prevent anion accumulation at the positive electrode and maintain 
neutrality of the environment, some sodium ions must follow the anions. 
Consequently, a concentration gradient grows and after a sufficient period of time 
a steady state will be reached.  
In the Bruce-Vincent method, when a small constant potential is applied, at t = 0 all 
ions move and the initial recorded current is the current carried by all ions. After a 
concentration gradient develops, the number of active sodium ions (the ions which 
carry charge) transporting through the electrolyte is reduced and consequently 
current decay will be observed during a certain period of time as presented in Figure 
2.13: 
𝐸𝐸𝑁𝑁𝑎𝑎+ =  𝐼𝐼𝑠𝑠𝑠𝑠𝐼𝐼0                                  𝐼𝐼0, 𝐼𝐼𝑠𝑠𝑠𝑠 → 𝐼𝐼𝑗𝑗𝑗𝑗𝐸𝐸𝑗𝑗𝑁𝑁𝐼𝐼 𝑁𝑁𝑗𝑗𝑎𝑎  𝑐𝑐𝐸𝐸𝑒𝑒𝑁𝑁𝑎𝑎𝑠𝑠 𝑐𝑐𝐸𝐸𝑁𝑁𝐸𝐸𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑒𝑒𝑗𝑗𝐸𝐸 (2-6) 
 
 
Figure 2-13. a) A typical Chronoamperogram. I0 and Iss indicate the initial current and the 
steady state current.8  
 
In the real system, however, the existence of more charge-carrying ionic species 
plus the formation of a passivation layer on the surface of the electrodes mean that 
  
69 
 
this simple equation cannot be used. Therefore some correction elements were 
added to this formula by Bruce and Vincent: 
𝐸𝐸𝐿𝐿𝐿𝐿 =  𝐼𝐼𝑠𝑠𝑠𝑠(𝑉𝑉− 𝐼𝐼0 𝑅𝑅0)𝐼𝐼0(𝑉𝑉− 𝐼𝐼𝑠𝑠𝑠𝑠𝑅𝑅𝑠𝑠𝑠𝑠)  (2-7)  𝑅𝑅0,𝑅𝑅𝑠𝑠𝑠𝑠 → 𝐼𝐼𝑗𝑗𝑗𝑗𝐸𝐸𝑗𝑗𝑁𝑁𝐼𝐼 𝑁𝑁𝑗𝑗𝑎𝑎 𝑐𝑐𝐸𝐸𝑒𝑒𝑁𝑁𝑎𝑎𝑠𝑠 𝑐𝑐𝐸𝐸𝑁𝑁𝐸𝐸𝑒𝑒 𝑐𝑐𝑒𝑒𝑐𝑐𝑗𝑗𝑐𝑐𝐸𝐸𝑁𝑁𝑗𝑗𝑐𝑐𝑒𝑒 𝑐𝑐𝑜𝑜 𝑝𝑝𝑁𝑁𝑐𝑐𝑐𝑐𝑗𝑗𝑝𝑝𝑁𝑁𝐸𝐸𝑗𝑗𝑐𝑐𝑗𝑗 𝐼𝐼𝑁𝑁𝑠𝑠𝑒𝑒𝑐𝑐   
𝑉𝑉 → 𝑁𝑁𝑝𝑝𝑝𝑝𝐼𝐼𝑗𝑗𝑒𝑒𝑎𝑎 𝑐𝑐𝑐𝑐𝑗𝑗𝑐𝑐𝐸𝐸𝑁𝑁𝑗𝑗𝐸𝐸 𝑝𝑝𝑐𝑐𝐸𝐸𝑒𝑒𝑗𝑗𝐸𝐸𝑗𝑗𝑁𝑁𝐼𝐼      
 
The passivation layer is characterized by means of Electrochemical Impedance 
Spectroscopy (EIS) before and after polarization as presented in Figure 2.14. 
 
Figure 2-14. a) The impedance spectrum before the polarization experiment (the black 
squares) and after polarization (the red squares).8  
 
Transference number measurements: 
Chronoamperometry (CA) was employed to determine the Sodium (Na) 
transference number for 25 and 75 mol% NaNTf2 in P111i4NTf2 and 20 mol% of 
mixtures including P1i444FSI/NaFSI,  P1i444FSI/NaNTf2 and P1i444FSI/NaPF6 at 50 ̊C 
using method described by Evans, Bruce and Vincent,4,5 explained earlier. 
For chronoamperometry (CA), the current is monitored as a function of time by 
applying a small constant potential E0. In this study, a 10 mV voltage was applied 
to the cells and initial and steady state currents were determined. The electrode 
resistance was obtained by EIS measurements just before and after polarization. In 
order to obtain reproducible and reliable values several symmetric cells were made. 
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The cells that showed either an increase in current or a short circuit were removed, 
and the average value was reported for the other ones.   
All symmetric cell polarizations were carried out using a VMP3/Z Multi 
Potentiostat (Bio-Logic Science Instruments). EC-Lab software version 10.38 was 
used for fitting the EIS spectra. 
2.2.8 Solid State Nuclear Magnetic resonance (NMR) spectroscopy 
Nuclear Magnetic Resonance spectroscopy is a non-destructive technique that 
monitors the electronic environment around specified nuclei and thus provides 
structural information on a molecular length scale. As solid‐state NMR does not 
require crystalline materials (unlike diffraction methods) it can be used on 
disordered or amorphous materials as well and gives complementary insight into 
molecular structure, which would not be accessible by diffraction techniques. This 
technique can also be used to determine dynamic behaviour of nuclei in materials.  
Each nucleus has a fundamental property named “spin”; the magnetic moment of a 
nucleus (μ) derives from a non-zero spin number (I) (1/2, 1, 3/2,…). This magnetic 
moment will interact with an external magnetic field and precess around the 
magnetic field direction. The precession (or Larmor) frequency depends on the 
gyromagnetic ratio γ (a constant for each nuclear isotope) and the magnitude of the 
magnetic field B:9  
𝑗𝑗𝐿𝐿 =  −𝛾𝛾𝛾𝛾                                                              (2-8) 
By applying the magnetic field, longitudinal relaxation will occur via reorientation 
of individual magnetic moments to reach a bulk magnetization. Thermal 
equilibrium is then achieved. The time needed to reach thermal equilibrium is 
quantified using the longitudinal relaxation time or spin-lattice relaxation time (5 х 
T1) (Figure 2.15). 
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Figure 2-15. Longitudinal relaxation time curve.10  
To have an observable signal, radiofrequency (RF) radiation near the Larmor 
frequency is applied to the sample to flip the bulk magnetisation (M) away from the 
external field by 90°. The precessing of M around the external field induces an AC 
current by creating an electric field in a coil of wire placed around the sample, and 
thus produces a detectable signal. The induced AC current will eventually decrease 
in magnitude to reach 0, which also causes the NMR signal to decay. Thus the NMR 
signal, as is shown in Figure 2.16, is obtained in the time domain and is known as 
a Free Induction Decay (FID). NMR spectra, however, are plotted in the frequency 
domain by using Fourier transformation to convert the FID signals to frequency 
domain signal. 9 
 
Figure 2-16. Schematic representation of a simple one-pulse sequence. Rectangle part 
shows width of the radio frequency pulse and oscillating line denotes decaying NMR 
signal which is known as FID.12 
 
The electron clouds around each nucleus generate internal magnetic fields. 
Depending on the size and orientations of the electronic environment (which in turn 
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is governed by the chemical structure and local mobility), the magnitude of the 
overall field (B0) that each nucleus experiences will change. This changes the 
precession frequency of each nucleus, in a phenomenon known as chemical 
shielding. Thus, NMR spectra are given with respect to a reference material, as 
follows: 
𝛿𝛿 = 𝜈𝜈−𝜈𝜈𝑟𝑟𝑟𝑟𝑟𝑟
𝜈𝜈𝑟𝑟𝑟𝑟𝑟𝑟
 × 106                                                             (2-9) 
 𝜈𝜈sample is defined as the resonance frequency of the sample and 𝜈𝜈ref is the absolute 
resonance frequency of a standard reference material and 𝛿𝛿 is a chemical shift. 
When two spins are very close to each other, their magnetic fields will affect each 
other. Thus, one spin can experience the magnetic field generated by a nearby spin 
so they will interact with each other through space as shown in Figure 2.17. This is 
called dipolar (dipole - dipole) interaction. This phenomenon is one of the main 
factors that cause broadening of NMR spectra in solid samples. To reduce this 
broadening, Magic Angle Spinning (MAS) is used. In MAS, samples are spun 
around a “magic angle” (axis oriented at 54.7° relative to the external magnetic 
field). In this way, some of the interactions broadening the spectra are averaged.10   
 
 
Figure 2-17. Dipolar magnetic field lines around a magnetic nucleus.13  
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All nuclei with spin number greater than ½ have non-spherical distribution of 
charge so are known as quadrupolar nuclei. These nuclei can interact with electric 
field gradients (EFG); this interaction is called the quadrupolar interaction. This 
interaction is another significant source of line broadening in the solid 
state NMR spectra of such nuclei. 
NMR measurements 
Solid state NMR experiments were conducted on a commercial Bruker AVANCE 
III 500WB NMR spectrometer at Larmor frequencies of 470.385, 202.404 and 
132.252 MHz for 19F, 31P and 23Na respectively. All 19F shifts were referenced to 
NaF, all 31P chemical shifts were referenced to H3PO4 and all 23Na chemical shifts 
were referenced to 1 M aqueous NaCl solution. All samples were packed into 4 mm 
zirconia MAS rotors under inert atmosphere in a glove box. 
Pulse-field-gradient NMR for diffusion measurements 
NMR is a powerful technique to study static and dynamic properties of a sample, 
such as self-diffusion in liquid and solid materials.  
Pulsed-field-gradient spin echo (PFG-SE) and stimulated echo methods (PFG-STE) 
are well-established methods for investigating molecular/ion diffusion without 
disturbing the material under study. These methods were first demonstrated by 
Stejskal and Tanner14. In this study PFG-STE was employed for NMR diffusion 
measurements. This experiment is a spin echo pulse sequence with the three 
radiofrequency (RF) pulses. In Figure 2-18 a schematic figure of the pulse sequence 
is presented. As briefly explained before, initially the net magnetization is parallel 
to the external filed, the first 90º pulse lies the net magnetization in the xy plane. 
During the time following a field gradient pulse is applied to encode the positions 
of the nuclei. Then by applying the second 90º RF pulse the magnetisation is flipped 
back to the longitudinal axis to prevent spin-spin relaxation from occurring during 
the majority of the diffusion time Δ. Finally the third 90º RF pulse tips the 
magnetisation back into the xy plane and the second gradient pulse reverses the 
spatial encoding resulting in a spin echo. 
 
 
Diffusion coefficient measurements 
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Pulse-field gradient stimulated echo (PFG-STE) diffusion measurements were 
carried out on a Bruker Avance III 300 MHz (with a 1H and 19F Larmor frequency 
of 300.13 and 282.41 MHz) equipped with a 5 mm pulsed-field gradient probe. 
Each sample was loaded to a height of 50 mm in a 5 mm Schott E NMR tube inside 
an argon-filled glove box and perfectly sealed with Teflon tape and a cap. The 19F 
and 1H signals were used to study the diffusion coefficients of the anions and cations 
in phosphonium cation-based OIPCs in combination of FSI and NTf2. The 
maximum gradient strength was set at 2800 G/cm with a gradient pulse length of 1 
ms for each scan with diffusion time of 25 ms. The diffusion coefficient was 
measured from 0 to 70 ºC. 
 
 
Figure 2-18. The stimulated spin echo pulse (PGSTE) sequence. The echo appears after 
three RF pulses. Magnetic gradient pulses of length δ and strength g are separated by the 
diffusion time ∆.15  
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PART II 
PYSICOCHEMICAL AND ELECTROCHEMICAL 
BEHAVIOUR OF PHOSPHONIUM-CATION 
OIPCS MIXED WITH SODIUM SALT 
How are the ionic conductivity of OIPCs related to their phase behaviour? 
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3 CHAPTER THREE – trimethylisobutylphosphonium 
bis(trifluromethanesulfonyl)amide (P111i4NTf2) MIXED 
WITH NaNTf2 
3.1 Introduction and Declaration  
Most energy research communities to date have focused predominantly on lithium 
ion rechargeable batteries. However, sodium rechargeable batteries are seen as one 
possible ‘beyond lithium ion’ technology for future energy storage needs, based on 
cost and new chemistries. Regarding these new sodium technologies, most attention 
has been paid to the development of new electrode materials.1-4 While the 
electrolyte has been mostly neglected, some progress in cycling of sodium metal in 
ceramic, 5-8 gel-polymer, 9-11 and ionic liquid electrolytes 12-14 has been made by 
some research groups (including our own). Nevertheless, further refinement of the 
electrolyte properties is necessary to improve the device performance. In this 
regard, this study focused on a novel class of solid electrolytes called organic ionic 
plastic crystals (OIPCs) to improve the safety and reliability of future sodium 
batteries. 
In this chapter, bis(trifluromethanesulfonyl)amide (NTf2) OIPC solid electrolyte 
and its NaNTf2 mixtures are thermally and electrochemically investigated. The 
detailed phase behaviour and morphology over the entire range of NaNTf2 
concentration (0 to 100 mol% NaNTf2 in P111i4NTf2) was studied and a phase 
diagram was determined. Ionic conductivity of different compositions revealed 
high ionic conductivity at high concentrations of Na salt (75 mol% NaNTf2) despite 
being predominantly a solid-state material.  
In order to investigate the capabilities of these electrolytes to support Na 
electrochemistry, sodium symmetrical cells were made to demonstrate the 
possibility of applying them in rechargeable sodium metal batteries. Results showed 
stable stripping and plating of sodium that indicates the potential of theses 
electrolyte in sodium devices. 
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4 CHAPTER FOUR - triisobutylmethylphosphonium 
bis(fluorosulfonyl)imide (P1i444FSI) MIXED WITH 
NaFSI 
4.1 Introduction and Declaration 
In the previous chapter, the study of the P111i4NTf2/NaNTf2 mixtures indicated a 
complicated phase behaviour with a new compound at 4:1 OIPC: NaNTf2 
composition. It was also clear that compositions with high sodium salt 
concentrations have high ionic conductivities. Chapter 3 also highlighted for the 
first time the possibility of the cycling of a sodium electrochemical cell by 
incorporating a small phosphonium-based OIPC. In this chapter, the OIPC based 
on the phosphonium cation triisobutylmethylphosphonium (P1i444+) and the 
bis(fluorosulfonyl)imide (FSI-) anion was investigated in mixture with the sodium 
salt NaFSI. It was previously reported that ionic liquids and OIPCs with FSI anions 
can support cycling of Li and Na metals very well because of the formation of an 
ion-conductive solid electrolyte interphase (SEI). Therefore, an FSI-based OIPC 
(P1i444FSI) was selected and its phase behaviour, transport properties and 
electrochemical behaviour were investigated over a wide range of NaFSI 
concentrations.  The larger phosphonium cation was chosen since the P111i4FSI is 
liquid at room temperature. 
In this chapter, it was shown that the phase behaviour of P1i444FSI/NaFSI mixtures 
are unusual as the crystallisation process was supressed in the middle of phase 
diagram (the compositions between 30 and 60 mol% NaFSI) due to the high 
viscosity of liquid phase at higher concentration of NaFSI. The ionic conductivity 
of all compositions including high concentration of NaFSI (those are predominantly 
in the solid state) are very high at ambient temperatures. Furthermore, the 
electrochemical behaviour of these high concentration of NaFSI samples were 
investigated in Na symmetrical cells.  
Lastly, an intermediate concentration of NaFSI in P1i444FSI (45 mol% 
P1i444FSI/NaFSI) which is liquid at 50 °C was cycled efficiently using a current 
density of 0.5 mA cm-2 for polarisation durations of 5 h with very low polarisation 
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potential (50 mV) in a sodium symmetric cell. These results demonstrate the 
stability of the chemical species within this electrolyte even in the liquid phase and 
show that this composition has excellent properties for application as an electrolyte 
in sodium device applications. 
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The influence of sodium salts containing different 
anions on the phase behaviour, conductivity, dynamics 
and electrochemical performance of an OIPC 
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5 CHAPTER FIVE– What are the dynamic and phase 
behaviour effects of adding Na salts with different 
anions into an OIPC matrix 
5.1 Introduction and Declaration 
The P1i444FSI/NaFSI and P111i4NTf2/NaNTf2 mixtures have thus far shown many 
desirable characteristics in both physicochemical properties and fundamental 
electrochemistry that would propose them as excellent candidates for sodium 
battery electrolytes. In both cases sodium salts contain the same anion as in the neat 
OIPC. In order to probe the effect of mixing anions on the physical, transport and 
also electrochemical behaviour of the OIPC, this chapter investigates the key 
properties of P1i444FSI as a matrix material mixed with NaNTf2, NaFSI and NaPF6. 
P1i444FSI was selected because, as discussed in the previous chapter, its conductivity 
is very high upon sodium salt doping and the three sodium salts were chosen to 
understand whether different anions would play any significant role in the 
properties of the OIPC mixtures. 
 P1i444FSI/NaPF6 mixtures exhibit complicated phase behaviour with a higher 
melting temperature, compared to neat P1i444FSI, and additional phase transitions. 
Given that the chemistry of FSI- and NTf2- are similar P1i444FSI/NaFSI and 
P1i444FSI/NaNTf2 showed similar phase behaviour and ionic conductivity.  
In addition to study of the phase behaviour and transport properties in ionic 
mixtures, sodium symmetrical cells containing theses three mixtures were 
constructed to study the Na stripping/platting capabilities of each of these three 
systems. Results indicate that the electrochemistry of FSI and NTf2 mixtures are 
very similar. However, a conditioning period is required for NaPF6 samples to 
stabilise smooth SEI layer and reach stable cycling.   
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PART IV 
The effect of the size and symmetry of cations and 
anions on the physicochemical and electrochemical 
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6 CHAPTER SIX – How do different anions and cations 
affect the phase behaviour and conductivities? 
6.1 Introduction and Declaration 
In the previous chapters the phase behaviour of P111i4NTf2/NaNTf2 and 
P1i444FSI/NaFSI mixtures over a wide range of concentration of sodium salts have 
been investigated in detail. Those studies have helped to understand the 
complicated phase behaviour of these mixtures as well as electrochemical 
behaviour of some compositions with high concentrations of sodium salt. It was 
previously shown in scientific literatures that OIPCs and ILs indicate diverse 
physicochemical properties depending on the structure of the cations and the anions 
and interactions between them.  
This chapter compares the influence of the size and symmetry of two cations with 
different alkyl groups (P1i444+ and P111i4+) and two different anions (FSI- and NTf2-) 
on the phase behaviour, ionic conductivity, electrochemical and diffusion properties 
of cations and anions in the three OIPCs: P1i444FSI, P1i444NTf2 and P111i4NTf2 and 
their mixtures with their corresponding sodium salts. According to this study, 
phosphonium-cation OIPC (P1i444FSI) and IL (P111i4FSI) with the FSI anion show a 
lower melting point, higher ionic conductivity, higher diffusivity of cations and 
anions. These materials also show more facile sodium electrochemistry in their 
mixtures with NaFSI salt. To better understand the role of anions and cations, these 
results were compared with the previous published data on the pyrrolydinium 
family (C2mpyrNTf2 and C2mpyrFSI). It was found that in this family of OIPCs 
C2mpyrFSI surprisingly shows higher melting point compared to NTf2 sample, in 
contrast to the corresponding phosphonium systems. Furthermore, all NTf2 
mixtures have a lower eutectic composition that seems to be independent of the 
cations compared to the FSI mixture. 
This study revealed that anions and cations and their interactions play significant 
role on the phase behaviour and conductivity properties of OIPCs and ILs. 
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7 CHAPTER SEVEN – CONCLUSION and FUTURE WORK  
This chapter summarises the key findings of this project and also suggests some 
directions for future work relevant to this research.  
7.1 Summary 
In our attempt to understand the effect of mixing a sodium salt into an OIPC to 
investigate Na ion conducting solid state electrolytes, three phosphonium cation-
based OIPCs triisobutylmethylphosphonium bis(fluorosulfonyl)imide (P1i444FSI), 
triisobutylmethylphosphonium bis(trifluromethanesulfonyl)imide (P1i444NTf2) and 
trimethylisobutylphosphonium bis(trifluromethanesulfonyl)amide (P111i4NTf2) 
were studied.  These OIPCs possess higher ionic conductivity and wider 
electrochemical stability compared to their nitrogen based counterparts.   
The key findings of this thesis are summarised in respect of the three main aims 
that were set in the introduction (Section 1.1.5). 
Aim 1- Elucidating the phase behaviour and physicochemical properties of 
mixtures of OIPC with sodium salts. For this aim, two phosphonium cation-based 
OIPCs: P111i4NTf2 (chapter 3) and P1i444FSI (chapter 4) were studied.    
The phase behaviour of NaNTf2 in P111i4NTf2 was investigated as a function of 
NaNTf2 salt concentration. This binary system showed a eutectic transition with the 
composition of 5 mol%, a new compound with a stoichiometry of 4/1(P111i4NTf2/ 
NaNTf2) and a peritectic transition. The ion conductivity measurements have 
revealed that the ionic conductivity for 25 mol% and 75 mol% (high concentration 
of sodium salt in the latter sample meaning it is predominantly in the solid state) is 
high. Given the high ionic conductivity observed, the electrochemical behaviour of 
these two compositions were elucidated. Stable and reversible Na cycling in a 
symmetrical Na cell was observed.  
The phase behaviour and conductivity of the mixture of P1i444FSI OIPC and NaFSI 
were studied in detail. A partial phase diagram was also determined. A complex 
phase behaviour was observed due to the metastability in some compositions of 
these binary materials. These mixtures had a eutectic composition at 30 mol% 
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NaFSI. In the compositions above the eutectic until 60 mol% NaFSI, crystallisation 
was completely suppressed. Thermal treatment of this composition, however, 
finally lead to complete crystallisation of the materials. High room temperature 
ionic conductivity was observed over the whole composition range. A Na 
symmetric cell including 90 mol% NaFSI in P1i444FSI was also cycled efficiently 
with a very low polarisation potential even in the solid state. 
Aim 2- To understand the effects of the addition of Na salts with different anions 
from the OIPC on the physiochemical and electrochemical properties of OIPC 
matrices. For this aim, phase behaviour and ionic conductivity of mixtures of 
NaFSI, NaNTf2 and NaPF6 in P1i444FSI were investigated. The phase behaviour of 
P1i444FSI/NaFSI and P1i444FSI/NaNTf2 mixtures are similar. However, 
P1i444FSI/NaPF6 displays more complex phase behaviour, with new phase 
transitions and a higher melting point. Phase behaviour, ionic conductivity and 
electrochemical behaviour of mixtures containing 20 mol% Na salts in P1i444FSI 
were compared. The 20 mol% mixture containing NaNTf2 is liquid over the entire 
range of temperatures, whereas the NaFSI mixture melts just after the eutectic 
transition at 8 °C. 20 mol% P1i444FSI/NaPF6, however, shows complicated phase 
behaviour which is different from the pure P1i444FSI. This suggests that by adding 
NaPF6 to P1i444FSI in this case where the mixture of anions is quite distinct, a new 
compound whose structure is different from P1i444FSI or NaPF6 was formed. Due 
to the similarity in phase behaviour of 20 mol% NaFSI and NaNTf2 systems, their 
ionic conductivities are nearly similar and both are significantly higher than 20 
mol% P1i444FSI/NaPF6 mixture. Stripping and plating of Na in a Na symmetrical 
cell containing NaFSI and NaNTf2 samples was very stable at room temperature 
and 50 °C. In contrast, in order to establish a smooth and stable SEI layer in cell 
with 20 mol% NaPF6 electrolyte, a conditioning period such as higher current 
density or an extended time was required. 
Aim 3- To understand the effect of the size and symmetry of cations and anions on 
the phase behaviour, ionic conductivity, electrochemical and diffusion properties 
of cations and anions. For this goal, three phosphonium cation OIPCs (P1i444FSI, 
P1i444NTf2 and P111i4NTf2 and their mixtures with their corresponding sodium salts) 
were selected. To better understanding the role of cations and anions on the 
behaviour of OIPCs, these results also were compared with the previously 
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published pyrrolidinium family. The results show that the phosphonium-cation 
OIPCs (investigated in this work) consisting of a smaller cation and anion have 
superior properties in terms of lower melting point, higher conductivity and greater 
diffusivity of ions than the bulkier OIPCs. While all mixtures support the 
electrochemistry of sodium, the FSI sample shows higher current density in sodium 
plating/stripping. However, when comparing the melting point of C2mpyrNTf2 and 
C2mpyrFSI samples, C2mpyrFSI (the OIPC with smaller anion) has higher melting 
point. Interestingly, the eutectic composition for all NTf2 systems appears to be 
much lower and almost independent of the cation compared to the materials with 
the FSI anion. These evaluations indicate the cation and anion and their interactions 
strongly affect the phase behaviour of OIPCS.  
7.2 Future work 
Nowadays, lithium-ion batteries are used extensively in products from portable 
electronic devices to electric vehicles. However, the potential scarcity of lithium 
and its cost are pushing research towards developing new alternatives to lithium-
ion batteries, especially for use on the power grid. Sodium ion batteries are seen as 
a ‘beyond Lithium-ion’ technology for future energy storage needs, based on cost 
and new chemistries. However, this technology is still in its infancy and we are still 
facing a long way to commercialise these batteries particularly based on OIPCs 
which are the focus of this thesis. Galvanostatic measurements of symmetric cells 
containing two compositions of P111i4NTf2/NaNTf2 mixtures in both the liquid and 
solid state (chapter 3) and high concentration of NaFSI in P1i444FSI (chapter 4) 
exhibit a good performance of OIPC in sodium symmetric cells. However, the 
possibility of application of these materials as solid electrolytes for Na batteries for 
large‐scale energy storage applications should also be evaluated. Compatibility of 
electrode and electrolyte materials is of great importance for better performance of 
rechargeable Na batteries. Therefore, further research efforts need to be conducted 
to incorporate OIPCs into real Na batteries with an appropriate electrode material. 
The suitable demonstration of the cell performance of the 20 mol% NaFSI, NaNTf2 
and NaPF6 in P1i444FSI (Chapter 5) in this PhD project suggests that these systems 
may also be able to be used in Na cells to achieve stability and high rate capacity. 
Therefore future work needs to be done to investigate practical cells based on these 
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electrolyte materials. It is also suggested to do the same experiment on the 
NaBF4/P1i444FSI to study the effect of sodium salt based on BF4 anion on the 
physicochemical, electrochemical and structural behaviour of P1i444FSI sample.  
Since, 70 mol% NaFSI/P1i444FSI, NaNTf2/P1i444NTf2 and NaNTf2/P111i4NTf2 
samples (Chapter 6) indicated stable sodium plating/stripping behaviour in CV, 
more electrochemical analysis of these systems are desirable, in particular sodium 
transference number measurements and device studies.   
In addition to these more applied studies, fundamental understanding of the 
dynamics and structure of OIPCs mixed with sodium salts is also particularly 
essential from the point of view of contributing the knowledge base of solid state 
conductors as well as for improving materials for being commercial devices. X-ray 
diffraction and solid state NMR are powerful techniques to study the chemical 
structure and transport and local structure of ions. Supplementary and continuing 
fundamental studies in an atomic level for P111i4NTf2/NaNTf2 mixtures (chapter 3), 
P1i444FSI/NaFSI mixtures (chapter 4) and P1i444FSI/NaPF6 binary materials (chapter 
5) are in progress and their forthcoming publications are not included in this thesis. 
All in all, continued research and development investigation in this field will 
definitely revolutionise the solid-state energy storage systems that can affect many 
aspects of our lives. 
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